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ABSTRACT 
A STUDY OF TORNADO PROXIMITY DATA AND AN OBSERVATIONALLY DERIVED 
MODEL OF TORNADO GENESIS 
- 
The results of a detailed analysis of 159 tornado proximity 
rawinsonde soundings are considered in Part I of this study. Soundings 
were stratified into four different categories, based on mean wind 
characteristics. The tornado soundings were compared to soundings as- 
sociated with destructive multiple tornado outbreaks, and to soundings 
associated with non-tornado producing severe thunderstorms. 
It is found that there is no distinct set of "tornado conditions". 
Tornadoes are associated with a surprisingly large range of synoptic 
conditions. Sub-synoptic scale phenomena play an important role in tor- 
nado production. There are no distinctive differences between general 
tornado, multiple tornado outbreak, and severe thunderstorm soundings. 
Situations which may produce severe thunderstorms also have some dis- 
crete probability of p r o d u c i n g ~ ~ t ~ m a ~ _ o ~ s . ~ ~ ~ , ~ u g g e ~ t e d  new manner of
issuing severe thunderstorm and tornado watches is presented. 
An extensive discussion of tornado features and a hypothesized 
physical model of tornado genesis is presented in Part I1 of this paper. 
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. 1 
, q m  a* Although many researchers  have s tudied t h e  tornado, t h i s  in tense  
vor tex  remains one of t h e  l e a s t  understood of meteorological phenomena. 
Pa r t  I of t h i s  paper presents  a de ta i l ed  observational  study of tornado 
proximity soundings. A physica l  model of tornado genesis is developed 
i n  Par t  I1 of t h i s  study. 
Fawbush and Miller  (1952 and 1954), Beebe (19581, and Mil ler  (1967) 
have s tudied proximity soundings with emphasis on developing and im- 
proving tornado forecas t ing techniques by iden t i fy ing  antecedent condi- 
t ions .  Darkow (1969) and Darkow and Fowler (1971) found sub t l e  d i f f e r -  
ences between proximity soundings and "check" soundings within t h e  same 
general  air  mass. W i l l s  (1969) and Novlan (1973) emphasized t h e  v e r t i c a l  
wind shear  of t h e  tornado environment and t r i e d  t o  r e l a t e  t h e  sounding 
da ta  t o  meso-scale storm/environment in te rac t ions .  The method of study- 
ing tornado proximity soundings has been t o  def ine  proximity sounding 
c r i t e r i a  and then average t h e  da ta  meeting these  c r i t e r i a  t o  f i n d  a 
11 mean" tornado sounding. Fawbush and Mil ler  (1954) and Miller (1967) 
have categorized d i f f e r e n t  types of mean tornado soundings based on 
synoptic s i t u a t i o n  and geographic locat ion.  I n  t h i s  study tornado 
proximity soundings from the  Central  United S t a t e s  have been ca re fu l ly  
s tudied and s t r a t i f i e d  i n t o  four d i f f e r e n t  categories.  The object ive  
was not merely t o  a r r i v e  a t  a s e t  of mean tornado conditions but r a the r  
t o  examine t h e  range of environmental condit ions associated with torna- 
does. Although most s i g n i f i c a n t  tornadoes occur during s t rong thun- 
derstorm s i t u a t i o n s  a s  documented by Miller (1967) and W i l l s  (1969), 
some tornadoes occur under condit ions which would have t o  be regarded, 
according t o  any of t h e  s t u d i e s  c i t e d ,  a s  unfavorable. 
Proximity soundings w e r e  a l s o  gathered f o r  Tornado Outbreak Days 
and Severe Thunderstorm Outbreak Days. A Tornado Outbreak Day w a s  de- 
f ined a s  a day on which an unusually l a r g e  number (roughly twenty o r  
more) of des t ruc t ive  tornadoes occurred over a contiguous region of ra- 
dius approximately 200 n a u t i c a l  miles (n.mi.). A Severe Thunderstorm 
Outbreak Day was defined a s  a day on which twenty o r  more severe thun- 
derstorms and - no tornadoes occurred over a contiguous region of radius  
approximately 200 n.mi. These types of soundings a r e  c lose ly  compared 
t o  the  tornado proximity soundings. 
Four s c a l e s  of motion which may play important r o l e s  i n  t h e  tornado 
formation process a r e  defined as: 
1. Synoptic s c a l e  - > 150 km. 
2. Squall-line s c a l e  - 40 t o  150 km. 
3. Tornado-storm s c a l e  - 5 t o  40 km. 
4. Tornado s c a l e  - 0 t o  5 km. 
The tornado s c a l e  is defined t o  include the  tornado and i ts associa ted  
c i rcu la t ion .  The four s c a l e s  of motion, as defined above, w i l l  be f re -  
quently refer red  t o  i n  t h i s  paper. 
Previous tornado theor ies  and models are reviewed i n  Par t  B,  es- 
pec ia l ly  those of Fulks (1962), Bates (1970), Ward (1972), and Barnes 
(1973a). The observational  s tud ies  of Hoecker (1960 and 1961), F u j i t a  
(1960, 1970, 1972), Barnes (1972 and 1973a), and Golden (1973) a r e  ex- 
amined i n  addi t ion  t o  those of many other  researchers.  A new physical  
model of t h e  ea r ly  s tages  of tornado genesis  i s  advanced. 
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1. THE DATA SAMPLE AND ITS GENERAL CLIMATOLOGY 
, . .  Proximity Sounding Defini t ion.  I n  t h i s  study a tornado proximity 
' * R  sounding was defined a s  a sounding taken wi th in  50 n.mi. of a v e r i f i e d  
tornado Ghich occukred between 1600 and 1900 Central  Standard Time  
(CST). Only afternoon (1800 CST) soundings w e r e  considered. After- 
noon radiosonde r e l e a s e  is a t  approximately 1715 CST. A fu r the r  re- 
str ict ions&&~' t h a t  t h e  sounding must have been taken i n  t h e  air mass 
ahead of t h e  storm so t h a t  t h e  environment which spawned the  tornado 
was t h a t  being examined. . I ' 61  J 
Previous s t u d i e s  have not  s p e c i f i c a l l y  considered t h e  f a c t  t h a t  
thunderstorms which produce tornadoes a r e  o f t en  moving a t  speeds of 30 
t o  60 knots. A thunderstorm which produced a tornado within 50 n.mi. 
of a sounding a t  1900 CST may have been located over 100 n.mi. away 
from t h e  radiosonde s i te  at  release t i m e :  To minimize t h i s  e f f e c t  a - - ? >  -- -- 
mean severe storm ~notion w a s  assumed. The de ta i l ed  s tud ies  of severe 
storm motion by Marwitz (1972, Pa r t  I ) ,  Fankhauser (1971), Fu j i t a ,  e t  a l .  
(1970), Achtemeir (1969), and Harrold, et al. (1966) were considered. 
~ , j  It was decided t o  assume a movement of t h e  tornado producing thunder- 
- *  storm (herea f te r  r e fe r red  t o  as the  tornado-storm) of 30 degrees t o  the  
:&,."right a t  75% of t h e  mean wind from t h e  surface  t o  200 mb. Making the  
add i t iona l  assumption t h a t  the  tornado-storm w a s  i n  exis tence  a t  1715 
CST i t  was poss ib le  t o  pos i t ion  the  tornado-storm r e l a t i v e  t o  the  ra- 
diosonde s t a t i o n  a t  r e lease  time. 
Data Sources and Processing.  The log  of severe  s torm occurrences 
kept by t h e  Nat iona l  Weather Se rv i ce ' s  Severe Local Storms Forecas t  
Unit ( h e r e a f t e r  r e f e r r e d  t o  as the  SELS Log) w a s  t h e  primary d a t a  source 
used t o  determine which p a r t i c u l a r  soundings might m e e t  t h e  proximity 
c r i t e r i a .  The SELS Log w a s  examined f o r  proximity soundings dur ing  t h e  
period 1958 through 1972. The c r i t e r i a  of t h i s  s tudy were n o t  as re- 
s t r i c t i v e  as those  of Darkow (1969) i n  t h a t ,  s i n c e  t h e  primary concern 
was with wind f i e l d s ,  a sounding was not  thrown out  i f  showers had occur- 
red ahead of t h e  tomado-storm. A sounding w a s  accepted i f  i t  was com- 
p l e t e  through 200 mb. 
A t o t a l  of 267 p o t e n t i a l  proximity soundings were examined. The 
sounding d a t a  w a s  compiled from t h e  Northern Hemispheric Data Tabula- 
t i o n s .  Post  f r o n t a l ,  d ry- l ine ,  and squa l l - l i ne  soundings were el imina-  
ted. For each remaining sounding t h r e e  th ings  were done: 
1. The number of repor ted  tornadoes i n  t h e  genera l  r eg ion  
( t h i s  w a s  considered t o  be t h e  contiguous area w i t h i n  
200 n.mi. of t h e  sounding s t a t i o n )  of each proximity 
sounding w a s  recorded from t h e  SELS Log. The t i m e  per iod  
considered was from 1200 t o  0000 CST. 
2.  The number of repor ted  seve re  thunderstorm even t s  i n  t h e  
gene ra l  region of each proximity sounding was recorded 
from t h e  SELS Log. A seve re  thunderstorm event  w a s  de- 
f i n e d  as any of t h e  following: 
(a )  a thunderstorm wind gus t  of 2 50 knots  
(b) an unmeasured thunderstorm wind gus t  which pro- 
duced property damage 
(c )  h a i l s t o n e s  > .75 inch i n  diameter 
(d) a funnel  cl&d not  touching ground 
(e )  a tornado. 
3. P e r t i n e n t  s ta tements  concerning t h e  s i z e ,  number, i n t en -  
s i t y ,  s e v e r i t y ,  and proper ty  damage of t h e  severe storms 
and tornadoes i n  t he  genera l  region of each proximity 
sounding were recorded from Climatological  Data Nat iona l  
Summary f o r  1958 and from -- Storm Data f o r  1959 through 
1972. 
Figure 1 
Method Used t o  Determine Reported Number of Severe Events i n  the  Sound- 
ing  Region. This Example Shows 14 Tornadoes (Triangles) and 32 Severe 
Thunderstorms (Circ les)  f o r  a Tota l  of 46 Reported Severe Events i n  the 
Sounding Region. 
Figure 1 shows how reported tornadoes and severe thunderstorms 
were counted i n  the  general  region surrounding a poss ib le  proximity 
sounding. I f  no tornadoes were mentioned i n  the  Climatological Data 
o r  Storm Data, o r  i f  the  tornadoes were l i s t e d  a s  "doubtful" o r  "un- 
confirmed", then t h e  p a r t i c u l a r  sounding involved was eliminated from 
the  sample. Of t h e  o r i g i n a l  267 soundings 159 were re ta ined and studied 
a s  tornado proximity soundings. 
Data Sample Climatology. Figure 2 shows the  area  of the  study, 
t h e  locat ion and e levat ion ( i n  meters) of t h e  radiosonde s t a t i o n s ,  and 
the  number of proximity soundings obtained a t  each location.  More prox- 
imity soundings were obtained a t  s t a t i o n s  located i n  the  region of f re-  
quent tornado occurrences from north Texas t o  south Minnesota. The four 
s t a t i o n s ,  North P l a t t e ,  Dodge City,  Amarillo, and Midland were 
I Area Designated as High Plains E:I;
Plot Model Station, State -- 
Identifier, Elevation 
% [ I No. of Proximity Sounding Used 
Tota.1 Number of Proximity Soundings Studied = 159 
Elevations are in Meters 
Figure 2 
Locations and Numbers of Proximity Soundings, 
designated "High Plains" s t a t i o n s  because of t h e i r  high e levat ions  and 
\>',,were considered separa te ly  from t h e  o ther  s ta t ions . -  . +- - . 
8 '  
"-- "%>, The levels used and s tudied were t h e  surface ,  850 mb, 700 mb , 500 
mb, 300 mb, and 200 mb. The sur face  pressure,  and the  temperature, and 
,dew point  f o r  each l e v e l  through 500 mb w a s  recorded f o r  each sounding 
i n  addi t ion  t o  the  wind data. The mean wind (surface t o  200 mb) w a s  
computed f o r  each of the  proximity soundings, and the 1715 CST locat ion 
1 
..' of each tornado storm was estimated. 
* . :'.fl$fi 
" ' ' ' ?~i~ure  3 shows t h e  est imated 1715 CST posi t ions  of the  159 tornado 
- c  . 
storms r e l a t i v e  t o  t$eallf,a4iosonde ggagion a t  the  cqnter.  Notice t h a t  
- ,  -&-- ' qG #!*J om ,,!,Q,pb ; L1 ,. . I , - S  __- r 
only 19 of the  t o k a d o  storms were wi th in  20 n.mi. of t h e  radiosonde 
s t a t i o n  a t  r e lease  t i m e .  i .-,. /. 
9 ! b -  -. y 
A -  . t- J I C , r i ,  .! 
Figure 4 shows the  monthly d i s t r i b u t i o n  of the  proximity soundings 
lir A studied.  A s  expected, most of the'soundings (71%) occurred during the  
1 I tornado season" months of Apri l ,  May and June with 35% of the  t o t a l  
I f i t . . ' .  
i 
being May soundings. 
The Totals  Index (an atmospheric s t a b i l i t y  index) was  computed f o r  
each proximity sounding. The Tota ls  Index is defined as the  850 mb 
temperature minus the 500 mb temperature plus the  850 mb dewpoint tem- 
0 
pera ture  minus t h e  500 mb temperature, a l l  i n  C. Totals  of 45 and 55 
a r e  roughly equivalent t o  Showalter Indices of 0 and -5, respect ively .  
Generally, the  g rea te r  t h e  numerical value of the  Tota ls  the  g rea te r  
the  l ike l ihood of severe convection. Bonner, e t  aL. (1971) evaluated 
various severe storm predic tors ,  and the  Totals  Index w a s  found t o  be 
the  one which corre la ted  b e s t  with the  predictand ( the  predictand w a s  
a*. *". 
defined t o  be radar l i n e  echoes of heavy o r  very heavy thunderstorms). 
Figure 3 
Estimated Positions of the Tornado-Storms at 1715 CST (Radiosonde 
Station is Center Point). 
For a more complete discussion of the Totals Index the reader should 
refer to Miller (1967). 
Scatter diagrams of Totals vs. month and mean wind speed (surface 
to 200 mb) vs. month were plotted. Figures 5 and 6 show the estimated 
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" '  'Proximity Sounding Mean Wind Speed (Surface t o  200 mb) Versus Month. 
t h e  envelope of extreme values f o r  each month. The Tota ls  a r e  g rea tes t  
# 
, during Apri l ,  May, and June, t h e  months of maximum tornado sounding f re -  .. , 
quency. Mean wind speeds are g r e a t e s t  during t h e  l a t e  winter  and spring,  . - . . I i f  W I I Y I Y  
t h e  time of year when s t rong synoptic s c a l e  storms are common. Not only 
i s  May the month of most proximity soundings, but a l s o  i t  is t h e  month 
dlrR L ~ T P  < I ;  7 v " 7 # J - 3 r 4  X B W  L. 
of g rea tes t  range of both Tota ls  and mean wind speed ,,.( ?gf tbrTo,ja 
Figure 7 is a s c a t t e r  diagram of mean wind speed vs. mean wind 
: L  : ..;?r>."l.! 
di rec t ion  (surface t o  200 mb) f o r  a l l  of the  proximity soundings. This 
diagram was used t o  s t r a t i f y  t h e  soundings i n t o  four d i f f e r e n t  catego- 
L I 
r i e s .  Soundings with <; ,7 mean I . wind speeds of 30 knots o r  g rea te r  and mean 
i: J a r -  7Y.I 1 
di rec t ions  of 160' t o  20g0, 210' t o  235O, and 236' t o  280' were 
All Soundings Outside o f  
Box ore  Class i f ied  a s  Unusual  
, 
Soundings(lS% o f  the Total 
Sample.) 6-*', 
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Mean Wind spe;d Versus ~ i r e ' c t i o n  ( ~ l o s k  Soundings Included) 
c l a s s i f i e d  r e spec t ive ly  as Southerly, Southwesterly (he rea f t e r  r e fe r -  
dn'jnt red t o  as SW), and Westerly soundings. A l l  o the r  soundings (15% of 
t h e  da ta  sample) w e r e  c l a s s i f i e d  as Unusual soundings. 
Of t h e  35 High P l a i n s  soundings 1 3  w e r e  SW, 1 3  were Southerly, 7 
were Unusual, and only 2 were Westerly. On t h e  High P la ins  the  South- 
e r l y  type sounding is  much more common than t h e  Westerly type. O f  t h e  
19 soundings which.were wi th in  20 n.mi. of a tornado storm, 9 were SW, 
1 was Westerly, 3 were Southerly,  and 6 were Unusual. O f  these  c lose  
soundings 32% were Unusual which i n d i c a t e s  t h a t  the  convection i n  t h e  
a rea  of t h e  radiosonde r e l e a s e  w a s  probably modifying t h e  environmental 
wind f i e l d s  of most o r  a l l  of t h e  c l o s e  soundings. For t h i s  reason 
f L.& it'P1f~~)rrUrrE 9 d  
t hese  19 close 'soundings a r e  not  considered i n  t h e  remainder of t h i s  
sit , GfILfsA : 
study except when they are s p e c i f i c a l l y  mentioned. 
V l Y W  1 :  2 .  C' L i b  . ' "  < I . '  i t  
Data Positioning. It is important t o  r e a l i z e  t h a t  there  a r e  many 
r ,. 
8 1 
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problems which must be  considered i n  pos i t ioning the  sounding data  r e l -  
a t i v e  t o  the  tornado-storm. Appendix I contains a complete discussion 
of these  problems. The important conclusion is t h a t  the  resolut ion of 
the  da ta  posi t ioning is 2 50 km. Tornado-storm and tornado s c a l e  fea- 
tu res  cannot be accura te ly  defined using proximity data .  
Tornado and Severe Thunderstorm Outbreak Days. One of the  objec- 
t i v e s  of t h i s  study w a s  t o  compare average tornado soundings t o  sound- 
ings associa ted  with in tense  tornado outbreaks and t o  soundings 
associated only with severe thunderstorms,~ . - *.r ; 1 r j . - ~ . ~ ~ ~  J 
- , , ATornado Outbreak soundingwasinitiallydefined a s  a p r o x i m i t y  , . 
sounding f o r  which t h e r e  were 20 o r  more tornadoes reported i n  t h e  SELS 
Log within  200 n.mi. of t h e  sounding s i te  (severe events were counted 
during t h e  period 1200 t o  0000 CST). T h i s  d e f i n i t i o n  was e s s e n t i a l l y  
followed, but the  following modifications were added: + I  as:, 1 I - -  
, I iJ. + < f >  :- > * I  I ) fT . [ : ? ? ' , , > C J ,  - , (  , ? ,  ,, $ ' ,  > -  ;. -*)  
1. I f  the  SELS a l i s t e d  20 o r  more tornadoes but Storm 
, * j L $ A  Data reported less than 20 tornadoes and/or remarked 
t h a t  t h e  tornadoes were general ly small o r  primari ly 
9 \ a  :*a I remained a l o f t ,  o r  t h a t  l i t t l e  damage occurred then 
t h a t  p a r t i c u l a r  sounding was re jec ted .  
:' h J < .  \ 
2. I f  the  - SELS Log l i s t e d  less than 20 tornadoes but a 
,; , , * 1 check of Storm Data showed t h a t  in tense ,  very de- 
s t r u c t i v e ,  long t r ack  tornadoes had occurred then t h a t  
. . , *  . % p a r t i c u l a r  sounding was accepted. 
A t o t a l  of 23 Tornado Outbreak soundings were i d e n t i f i e d  and examined. 
Only one of these  was a High Pla ins  sounding. 
. . . : ! .  .: 
A comparison of tornado condit ions t o  severe thunderstorm condi- 
t ions  has not been attempted before. T h i s  is a d i f f i c u l t  t a sk  s ince:  
1 ,  , I  - $ 1  ",' ! I 
1. Soundings taken near severe thunderstorms were a l s o  
q u i t e  l i k e l y  taken wi th in  200 n.mi. of v e r i f i e d  tornadoes. 
2. Soundings taken i n  an environment t h a t  produced only an 
i s o l a t e d  severe event can not  be considered representa t ive  
of a severe thunderstorm environment. 
+.,. 
I n  an attempt t o  d i s t ingu i sh  between tornado conditions and severe thun- 
derstorm condit ions the following d e f i n i t i o n  was made. A Severe Thunder- 
storm Outbreak Day is a day on which 20 o r  more severe thunderstorm 
events, but - no tornadoes, occurred wi th in  a contiguous region of 200 
n.mi. radius.  The following modifications were made as the  SELS Log was 
scanned f o r  days of t h i s  type: f i v e  days w e r e  found and accepted with 
only 16 t o  19 severe events and no reported tornadoes, and s i x  days were 
, -.. - . accepted with a l a r g e  number (> 25) of severe events but only 1 or  2 
. weak, o r  unconfirmed, tornadoes reported more than 50 n-mi. from the  
sounding location.  Once such a day w a s  i d e n t i f i e d  i t  w a s  used i n  the  
data sample i f  an 1800 CST sounding was ava i l ab le  ahead of the  storms 
i n  the a i r  mass which supported them. One add i t iona l  r e s t r i c t i o n  was 
.I1 . -1 
t h a t  t h e  severe  thunderstorm outbreak soundings had t o  be in  the  same 
. geographical area  from which t h e  tornado proximity soundings were taken 
(see Figure 2 ) .  A t o t a l  of 25 Severe Thunderstorm Outbreak soundings 
were obtained and studied.  It is  y_ee.ry s i g n i f i c a n t  t h a t  i n  the  15 years 
3 ,  ) I  6 
considered the re  were so  few days on which numerous severe thunder- 
storms (16 o r  more) occurred without a l s o  producing tornadoes. It 
. . 
seems t h a t  on any day t h a t  s ign i f i can t  severe thunderstorm a c t i v i t y  i s  
' 1  
l i k e l y  i t  is  very probable t h a t  tornadoes w i l l  a l s o  occur. 
Figure 8 shows the  monthly d i s t r i b u t i o n  of Westerly, Southerly 
: .Ski 
and Unusual soundings p lus  the  d i s t r i b u t i o n  of t h e  previously mentioned 
Tornado Outbreak and Severe Thunderstorm Outbreak Soundings. 
2 0  
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Number of Sounding Types Per Month . 
This f igure  is most meaningful when it is  compared with Figure 4. 
Tornado Outbreak and Southerly soundings are most common during the  
spr ing while Unusual, Westerly, and Severe Thunderstorm Outbreak sound- 
ings a r e  more common during the  sunnner. This is primarily because 
winds a r e  l i g h t e r  during the  summer and because the  flow a l o f t  over t h e  
Central  U. S. i n  summer is o f t e n  from the  northwest which favors  t h e  
Westerly type sounding. 
Geographical Preferences. Figure 9 shows t h e  geographic loca t ions  
of the  Westerly and Southerly soundings. Southerly soundings occurred 
i n  the  western p la ins ,  and Westerly soundings tended t o  occur i n  the  
Figure 9 
Geographic Locations of Southerly and Westerly Type Soundings . 
nor th  c e n t r a l  U. S. The pos tu la ted  reasons f o r  these  geographical pref-  
erences are :  
1. In  t h e  spr ing  of t h e  year  mid-tropospheric closed lows 
f r equen t ly  drop i n t o  t h e  Great Basin and then move eas t -  
ward over t h e  p la ins .  On t h e  f i r s t  day of  the  "coming 
out" process winds are very souther ly  a t  all l e v e l s .  
Tornadoes o f t e n  occur on t h i s  f i r s t  day. This i s  r e f l e c t -  
ed by t h e  r e l a t i v e l y  h igh  number of Southerly proximity 
soundings i n  t h e  western p la ins .  On the  second day of 
the  "coming out" process t h e  upper low has of ten  become 
an open trough and/or a dry f ron t  has swept f a r  ahead of 
the upper system so  t h a t  severe storms occur with a SW 
type wind p rof i l e .  
I n  the summer t h e  storm t r a c k  (and thus s t ronger  winds and 
s t rong f r o n t s )  has s h i f t e d  t o  near t h e  northern border 
of the  U. S. A mid-tropospheric r idge  is  of ten  present  
over t h e  Rocky Mountains which produces upper a i r  flow 
from the  w e s t  o r  northwest over the  c e n t r a l  and north 
c e n t r a l  U. S. Strong outbreaks of thunderstorms, and 
therefore  tornadoes, a r e  most l i k e l y  where the  synoptic 
s c a l e  fo rc ing  i s  s t rongest .  So, i n  t h e  summer, tornadoes 
o f t en  occur i n  t h e  nor th  c e n t r a l  U. S. where westerly 
t o  northwesterly flow preva i l s ,  and thus Westerly type 
proximity soundings are most common i n  t h i s  region. 
Many strong severe thunderstorm s i t u a t i o n s  i n  t h e  spr ing produce tor-  
nadoes under Southerly type conditions on t h e  western p la ins  and then, 
a day o r  so  l a t e r ,  produce tornadoes under SW condit ions i n  t h e  Missis- 
s i p p i  Valley. 
: , 1 . .  7 ;  1 , 3 ; :  : i ! !  
. + ;*,,.., 
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Tornado and Tornado Outbreak Hodographs. I n  t h i s  s e c t i o n  t h e  wind 
p r o f i l e s  and t h e  s torm r e l a t i v e  winds of t h e  va r ious  types  of tornado 
proximity soundings are examined. The s torm r e l a t i v e  wind is  defined a s  
t h e  observed wind when a co-ordinate system moving with t h e  s torm is  
3 , 1 , . - .  c d  
I3 ' a l i *  
used. The co-ordinate  system i s  centered  on, and moves wi th  t h e  tornado- 
storm. The s torm r e l a t i v e  wind can be computed by v e c t o r i a l l y  sub- 
t r a c t i n g  the  s torm motion from t h e  environmental wind. The important ,  
and s u r p r i s i n g ,  f e a t u r e s  of t h e  wind p r o f i l e s  a r e  t h e  l a r g e  range of con- 
d i t i o n s  a s soc i a t ed  wi th  tornadoes and t h e  v a r i a b i l i t y  of t h e  s e v e r i t y  of 
storm outbreaks under seemingly s i m i l a r  condi t ions .  
F igures  10 through 1 3  a r e  t h e  mean hodographs f o r  SW, Southerly,  
Westerly and Tornado Outbreak types  of soundings. Each f i g u r e  inc ludes :  
1. The number of c a s e s  i n  t h e  d a t a  sample 
2 .  The mean winds and t h e i r  mean dev ia t ions  from t h e  su r f ace  
t o  200 mb 
3. Average T o t a l s  Index and i ts mean dev ia t ion  
4 .  Average number of r epo r t ed  seve re  thunderstorms and to r -  
nadoes 
5. The assumed seve re  thunderstorm motion f o r  each mean wind 
p r o f i l e  
6 .  The computed s torm r e l a t i v e  winds from t h e  su r f ace  t o  
200 mb. 
The wind p r o f i l e  of t h e  SW proximity soundings, f i g u r e  10, i s  s i m i l a r  
t o  those  obta ined  by Darkow and Fowler (1971) except  t h a t  t h e  winds of 
t h i s  s tudy a r e  5 t o  15  knots  s t r o n g e r  a t  a l l  l e v e l s .  The reason f o r  
t h i s  d i f f e r e n c e  i s  t h a t  t h e  s t r a t i f i c a t i o n  of soundings i n t o  d i f f e r e n t  
SW Type Tornado Proximity Sounding Medn Hopgraph  
(SW Type = Mean Wind Di rec t ion  210° t o  235 and 
Mean Speed 30 Knots). 
,- 
/ 
Figure  11 
Souther ly  Type Tornado Proximity Sounding Mean Ho; 
dograpt  (Souther ly  Type = Mean Wind D i r e c t i o n  160 
t o  209 and Mean Speed 2 30 Knots). 

ca tegor i e s  precludes t h e  averaging of unusual weak wind p r o f i l e s  wi th  
' 1  i s t ronger ,  more common, wind p r o f i l e s .  . 1 ;  < -  t '  la 7 4  
A l l  of t h e  wind p r o f i l e s  i n  f i g u r e s  10 through 1 3  a r e  b a s i c a l l y  
s i m i l a r  and e x h i b i t  only s l i g h t  d i f f e rences  i n  speed and veer ing  with 
0 
height .  Although t h e  mean ' su r face  winds bavf'from 155 /20 knots  t o  
195°/15 knots t h e  v e r t i c a l  p r o f i l e s ,  r e l a t i v e  t o  t h e  su r face  wind, a r e  
very s i m i l a r .  The Tornado Outbreak w i n h i  are 5 knots  s t ronger  and veer  
5 degrees l e s s  i n  t h e  s u r f a c e  t o  500 mb l a y e r  than t h e  SW proximity 
winds. The storm r e l a t i v e  winds a r e  very s i m i l a r  f o r  a l l  t h e  categor- 
ies of proximity sbuhdings. The To ta l s  Index is very uniform f o r  a l l  
types of proximity soundings ranging only from 55 t o  57. The mean de- 
v i a t i o n  of the  Tota ls  is  3 f o r  a l l  sounding ca tegor ies .  
The Westerly type sounding i s n ' t  associa ted  with a s  many tornado 
occurrences a s  t h e  SW and Southerly types,  The Southerly type sounding 
tends t o  b g  aksociated wi th  a s t ronger  seve re  storm outbreak than does 
t h e  SW type. The d i f f e rences  in number of repor ted  tornadoes become 
pronounced when i t  is  considered t h a t  Southerly s i t u a t i o n s  favor t h e  
sparse ly  populated western por t ion  of t h e  s tudy a r e a ,  and Westerly sit- 
uat ions favor t h e  more densely populated nor theas te rn  ha l f  of t h e  s tudy 
area ;  s e e  f i g u r e  9. . :t ' . A t  t sl J ,)[.I I.,; 
. . 
, I t  . The High P l a i n s  SW and Southerly hodographs a r e n ' t  s p e c i f i c a l l y  
shown s ince  they exhib i ted 'no  s*i&Tficant d i f f e rences  from t h e  SW and 
Southerly hodographs. The main d i f f e rences  were laver su r face  pressures ,  
s l i g h t l y  s t ronger  su r face  winds and s l i g h t l y  h igher  Tota ls .  These 
e f f e c t s  a r e  a l l  a r e s u l t  of t h e  e l eva t ion  and t e r r a i n  c h a r a c t e r i s t i c s  of 
t h e  High P la ins .  1 - .I 3 :.', 4 - F .  < I :' . . 
1 'I. - 1 .  1 . '  - f . 
,,, , The mean deviations of the wind directions are approximately 15 
degrees for all sounding types at all levels.,,,A~~30 degree interval cen- 
tered on the mean wind direction would include only 58% of the data 
sample (assuming a normal distribution). This is a remarkable variation, 
since the soundings were stratified into seemingly similar wind cate- 
gories before any averaging was done. .,. q ,  , 4 ,  . 4 . .  b 3  
Severe Thunderstorm Outbreak Hodographs. Figure 14 T ~ .  is 1 ~ :  ther hpdo- 
graph of an averaged set of similar Severe Thunderstorm Outbreak wind 
profiles. The figure includes the same information as do the tornado 
proximity figures. Figure 15 shows two individual Severe Thunderstorm 
Outbreak hodographs. Included for each sounding are: wind profile, 
sounding number, location and month of occurrence, number of reported 
severe thunderstorms and tornadoes, and the Totals Index. 
Figure 14 is the average of the most common type of Severe Thun- 
derstorm Outbreak sounding. This hodograph is similar to that of the 
Westerly type tornado hodograph except that the 300 and 200 mb winds 
are respectively 10 and, 25 knots ,stronger for the tornado cases. The 
mean deviations of both types are large enough that there is consider- 
able overlap between the individual soundings of the two samples. The 
tornado case is more unstable with a Totals Index of 56 compared to 52 
for the severe thunderstorm case. Storm relative winds are much strong- 
er at 300 and 200 mb for the tornado case. 
Figure 15 shows individual Severe Thunderstorm Outbreak hodographs 
for two different cases. These soundings were all taken north of a 
, .,,cfrontal boundary and are over-running soundings. The low level winds 
are northerly to easterly while the middle and upper winds are westerly 
to southwesterly. In this type situation, the warm moist flow feeding 
Figure 14 Figure 15  
Severe Thunderstorm Outbreak Sounding Mean Hodograph. Two Individual  Severe Thunderstorm Outbreak Hodographs 
(LIT on 27 Apri l ,  1968 and JAN on 12 Apri l ,  1962) .  
t h e  s torm r i d e s  over  a low-level wedge of coo l  air. These condi t ions  
:+produce l a r g e  h a i l  and occas iona l ly  s t rong  winds, bu t  seldom tornadoes. 
.- il.. .A* , . 
J- 
Vortex c i r c u l a t i o n s  which develop i n  t h e  inf low e x i s t  above h o s t i l e  
.? thermal and wind f i e l d s .  Vor t i ce s  which develop can seldom p e n e t r a t e  
". 
downward t o  t he  s u r f a c e  and funne l s  a l o f t  are f requent .  This  type  of 
over-running s i t u a t i o n  w a s  descr ibed  by Miller (1967). 
V a r i a b i l i t y  of Winds, To ta l s ,  and Number of Tornadoes. One of t h e  
outs tanding  f e a t u r e s  of t h e  winds and T o t a l s  Ind ices  of tornado prox- 
imi ty  soundings is t h e i r  l a r g e  v a r i a b i l i t y .  Figure 16 shows t h a t  t h e r e  
is l i t t l e  d i f f e r e n c e  between mean Tornado Outbreak cond i t i ons  and mean 
SW tornado condi t ions .  The s t r o n g e r  winds i n  t h e  middle and low l e v e l s  
of Outbreak soundings i n d i c a t e  t h a t  synop t i c  cond i t i ons  and thus  forc-  
i n g  func t ions  ( i . e .  s torm systems, f r o n t s ,  and t roughs)  are, i n  t h e  mean, 
more i n t e n s e  on Tornado Outbreak Days. 
Figure 17  suppor ts  t h e  s tatement  t h a t  i n d i v i d u a l  tornado occur- 
rences cannot be  s t u d i e d  i n  d e t a i l ,  e s p e c i a l l y  wi th  regard  t o  opera- 
t i o n a l  f o r e c a s t i n g  a p p l i c a t i o n s ,  us ing  only proximity soundings. 
Soundings wi th  similar s t a b i l i t i e s  and wind f i e l d s  a r e  o f t e n  a s soc i a t ed  
wi th  tornado o c c u r r e n s s  pf g r e a t l y  d q f e r i n g  i n t e n s i t y  and nuplber. . I; 
.a<><. -d , a n ,  l ,  , y  ' 
The i n t e n s i t y  of severe storm development n o t  only depends on t h e  warm 
a i r  mass p r o p e r t i e s  bu t  is  a l s o  i n t i m a t e l y  r e l a t e d  t o  synopt ic  and 
x .  \ 
s q u a l l - l i n e  s c a l e  condi t ions .  b <. . -. 
Figure 17  shows t h e  i n d i v i d u a l  hodographs, To ta l s ,  mean winds, 
and numbers of r epo r t ed  seve re  thunderstorms and tornadoes f o r  two 
s i m i l a r  tornado proximity soundings. Also included i n  t h e  f i g u r e  a r e  
remarks from Storm Data p e r t a i n i n g  t o  each day's storms p lus  a t a b l e  of 
damage c a t e g o r i e s  as def ined  and used i n  Storm Data. The wind p r o f i l e s ,  --
' Figure 16 
Mean Hodographs f o r  SW Tornado and Tornado Outbreak Proximity Soundings 
(Mean To ta l s  = 55 f o r  Both Types). I t , .. , + I;(: yP4 ; 
mean winds, and To ta l s  Ind ices  are a l l  s i m i l a r ,  b u t  one sounding w a s  
< a s s o c i a t e d  with s e v e r a l  i n s i g n i f i c a n t  tornadoes whi le  the o t h e r  sounding 
w a s  a s soc i a t ed  wi th  many more tornadoes,  at least two of which were de- 
s t r u c t i v e ,  long-track tornadoes. - - u & . ~ ,  1 I F -  Lq r- + I  3 1 . L-X. I 
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.-,jaib4Two Similar  Tornado Proximity Hodographs (OKC on 27 Apri l ,  1969, and 
UMN on 6 May, 1971) . t ~ . ~ : ! ~  t - + a ..--w 
r?&w gwiThe graphs i n  f i g u r e s  18  through 21 i l l u s t r a t e  t h e  wide range of 
~j if lr-utornado wind and s t a b i l i t y  condit ions and a l s o  the  g rea t  v a r i a b i l i t y  of 
o j )  s t h e  number of associa ted  storms. - '#.I  +is.:: ; : I :  . I 
Figure 18 is  a s c a t t e r  diagram of-number of reported tornadoes 
versus mean wind speed f o r  a l l  proximity soundings and a l s o  f o r  Tornado 
Proximity Soundings / 
I 
@ 
&Tornado Outbreak / 
Soundings 1 
M E A N  W I N D  S P E E D  (KNOTS) 
Figure 18  
Number of Tornadoes Versus Mean Wind Speed (Surface t o  200 mb). 
Outbreak soundings. The Tornado Outbreak soundings are a sub-set of t h e  
proximity sounding sample s o  t h a t  each p l o t t e d  Outbreak d a t a  po in t  is  
accompanied by a p l o t t e d  proximity d a t a  poin t .  The number of r epo r t ed  
tornadoes gene ra l ly  decreases  as mean wind speed decreases ,  and wi th  a 
mean wind of less than  30 knots  t he  p r o b a b i l i t y  of more than 10  torna- 
does occurr ing  becomes q u i t e  small. The dashed l i n e  d e p i c t s  t h i s  t r end .  
A s  mean wind speeds become l a r g e  t h e  range of number of repor ted  torna- 
does becomes very  l a r g e .  This  demonstrates t h a t  tornado events  a r e  a 
r e s u l t  o f  i n t e r a c t i o n s  between t h e  atmospheric wind f i e l d  and thermal 
s t r u c t u r e ,  and a l s o  synop t i c  and squa l l - l i ne  s c a l e  phenomena. 
Figure 19 is a combined s c a t t e r  diagram and b a r  graph. The s c a t t e r  
diagram is  of 500 mb speed ( l e f t  o rd ina t e )  versus  500 mb wind d i r e c t i o n  
f o r  a l l  proximity soundings, Tornado Outbreak soundings, and Severe 
Thunderstorm Outbreak soundings. The means and .standard dev ia t ions  are 
shown f o r  t h e  proximity and Tornado Outbreak soundings. The l a r g e  
s tandard  dev ia t ions  aga in  emphasize t h e  v a r i a b i l i t y  of  tornado assoc i -  
a t e d  condi t ions .  The t h r e e  b a r  graphs show t h e  number of Proximity, 
Tornado Outbreak, and Severe Thunderstorm soundings ( r i g h t  o rd ina t e )  
which occurred i n  each 10 degrees of 500 mb wind d i r e c t i o n .  There is  
cons iderable  overlapping of t h e  t h r e e  types  of soundings between 210 
and 300 degrees,  however, t h e  maxima are r a t h e r  d i s t i n c t .  The number 
of  Tornado Outbreak soundings w pea s around 225 degrees,  while  t h e  num- 
be r  of Proximity and Severe Thunderstorm soundings peak around 240 and 
280 degrees,  r e spec t ive ly .  Tornado outbreaks are cha rac t e r i zed  by more 
sou the r ly  flow cond i t i ons  and Severe Thunderstorm Outbreaks a r e  char- 
a c t e r i z e d  by wes t e r ly  flow. , 7 ; ? ~ r i  ,
Figure 20 i s  a s c a t t e r  diagram of t h e  number of repor ted  tornadoes 
versus  both  To ta l s  Index and sounding mean wind speed. This  is done by 
J 1L:;~fh ( X I J :  1 ,  
d iv id ing  t h e  f i g u r e  i n t o  f i v e  s e p a r a t e  s c a t t e r  diagrams of number of 
:. I ' 
tornadoes versus  both a mean wind category and a mean wind speed ca t -  
1: 
egory. The ca t egor i e s  a r e  def ined  i n  t h e  f igu re .  I n  each To ta l s  
- f. 
category t h e  number of repor ted  tornadoes tends  t o  i n c r e a s e  as t h e  mean 
1 ~i 
wind becomes s t ronge r ;  however, t h e  range of t h e  number of repor ted  
3 ) r ;  1 - % >l,,l . I * >  J 2 , I .  
tornadoes becomes very l a r g e  as t h e  -=an speed inc reases .  This  is  es- 
p e c i a l l y  t r u e  f o r  t h e  t h r e e  middle s t a b i l i t y  groups where the  d a t a  
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Figure 20 
Number of Tornadoes Versus Mean Wind Speed and Tota ls  (The Range of t h e  
Number of Reported Tornadoes in Each Category i s  Outlined and St ippled) .  
sample is  large .  Very s t rong  winds coupled wi th  very high Tota ls  do not  
necessa r i ly  produce t h e  l a r g e s t  tornado outbreaks. The two l a r g e s t  out- 
breaks i n  t h e  d a t a  sample were both i n  t h e  middle Tota ls  category (51 t o  
55) and t h e  t h i r d  wind category (mean wind 41 t o  60 knots) .  For a l l  
s t a b i l i t i e s  l i g h t  wind s i t u a t i o n s  are weak tornado producers.  A l l  of 
t h i s  again emphasizes t h e  importance of synoptic  and squa l l - l ine  s c a l e  
f e a t u r e s  . 
Figure 21 is  a s c a t t e r  diagram of Tota ls  versus  mean wind speed 
f o r  only t h e  Tornado Outbreak Soundings. This s c a t t e r  diagram f o r  only 
-. . 
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Figure 21 
Totals  Versus Mean Wind Speed (Surface t o  200 mb) f o r  Tornado Outbreaks. 
severe tornado days s t i l l  exh ib i t s  a l a r g e  range of values. I n  f i g u r e  
21, t h e  dashed l i n e  i s  an estimated bes t  f i t  of the  da ta  points  and t h e  
s o l i d  l i n e s  a r e  the  envelope of extreme values. There i s  a tendency 
toward s t ronger  winds i f  t h e  t o t a l s  a r e  small. Two Tornado Outbreaks 
occurred with a mean wind of 6 3  t o  6 5  knots and i n  one case t h e  Tota ls  
were 46 and i n  the  o the r  58. Four Tornado Outbreaks occurred with To- 
tals 55 t o  56 and the  mean winds f o r  these  four soundings ranged from 
34 t o  67  knots. The da ta  points  f o r  severa l  we l l  known, devas ta t ing  
Tornado Outbreaks a r e  iden t i f i ed .  
Unusual Tornado Proximity Soundings. The o r i g i n a l  sounding 
ca tegor iza t ion l i s t e d  18 soundings a s  being Unusual. Generally, these  
1 ,., 
soundings exh ib i t  very l i g h t  winds, have a r e l a t i v e l y  small ( s t ab le )  
Tota ls  Index, and tend t o  occur during the  summer months. They a r e  as- 
socia ted  wi th  a s m a l l  number of severe thunderstorm events and only 1 t o  
3 small,  i s o l a t e d  tornadoes. I n  3 of the  18 Unusual cases t h e  only re- 
ported severe event i n  the  region w a s  = tornado. 
4 ,.*:. . 
Individual  hodographs of 4 Unusual cases a r e  shown i n  f igures  22 
and 23. Included on each f i g u r e  a r e  the  sounding number, t h e  loca t ion  
and month, number of reported severe thunderstorms and tornadoes, and 
per t inent  information regarding t h e  storms from Storm Data. There can 
be l i t t l e  doubt t h a t  a c t u a l  tornadoes occurred on these  days and ye t  the  
>..a- -- ---  .--- L 
wind p r o f i l e s  have l i t t l e  i n  common wi th  average tornado p r o f i l e s .  The 
Totals  Index f o r  most of these  Unusual cases is barely g rea t  enough t o  
i n d i c a t e  t h a t  thunderstorms would be  l i k e l y .  Examination of each indi-  
v idual  Unusual tornado proximity sounding shows g rea t ly  d i f f e r i n g  wind 
p r o f i l e s  and s t a b i l i t i e s .  The only common fea tu re  of these  soundings 
is  that each one was associa ted  with convective a c t i v i t y .  It is  highly 
improbable t h a t  Unusual tornado events, such as those presented here,  
could be successful ly  forecas t .  




3 .  ENVIRONMENTAL WIND SHEAR 
Defini t ions.  W i l l s  (1969) emphasized t h e  l a r g e  v e r t i c a l  wind shear 
associa ted  with U. S. tornado occurrences. I n  t h i s  study it was found 
t h a t ,  i n  the  mean, the  v e r t i c a l  wind shear i s  l a rge ,  however, t h e  mag- 
n i tude  of the  shear  was extremely va r iab le .  The range of v e r t i c a l  wind 
h, '. A 
Lo 
shear associa ied  with tornado proximity soundings ind ica tes  ' t h a t  l a r g e  
v e r t i c a l  wind shear is not  a necessary condit ion f o r  tornado occurrence. 
Ver t i ca l  wind shear,  a s  used i n  t h i s  paper, i s  defined as :  
1. Direct ional  shear  is t h e  d i f ference ,  i n  degrees, between 
t h e  wind d i rec t ions  a t  two d i f f e r e n t  l e v e l s  i n  the  v e r t i -  
ca l .  It is  p o s i t i v e  i f  t h e  winds veer with height  and 
negative i f  the  winds back. 
2 .  Speed shear is t h e  magnitude of t h e  vector  d i f ference  
between t h e  winds a t  two l e v e l s  i n  the  v e r t i c a l ,  o r  
I \Vp - 8 / where 
1 
< p o  with p = pressure 
1 Po 
Observed Shears. Table 1 shows t h e  mean speed shear i n  severa l  
v e r t i c a l  l a y e r s  f o r  d i f f e r e n t  ca tegor ies  of tornado proximity soundings 
and f o r  severe thunderstorm soundings. Speed shears  a r e  v i r t u a l l y  iden- 
t i c a l  f o r  both t h e  Normal type and Tornado Outbreak soundings. There i s  
a considerable r m g e  of shear  values i n  each l ayer  (compare, f o r  example, 
4 - , r : 
i b 
t h e  SW shears with t h e  Westerly shears) .  Observed values of speed shear 
show no d i s c r e t e  d i f ferences  between tornado, Tornado Outbreak, and 
I 
Severe Thunderstorm Outbreak soundings. The magnitude of t h e  shear does 
1 .  
not d i r e c t l y  speci fy  tornado conditions. I - '  
: 1 " 
Table 2 shows observed speed shear f o r  the  same v e r t i c a l  l aye rs  a s  
) Y  - 
t 0 
' 5  
b t b  - "  * . -  
a "  - 2  
Table 1 but  f o r  4 d i f f e r e n t  Unusual t'o&nado proximity soundings. This 
demonstrates t h a t  tornadoes can occassfonally occur unde-r conditions of 
.-. I 
, .. --- -  -& very weak v e r t i c a l  shear.  
3 3 
- ' ' .  ' .'"1131 . ! I '  'd L&-yIfd i ) ~ & ( r ~  i,, Table 1 
- I - 1 1 :  Speed Shear (Knots) For Different Types of Tornado Proximity Soundings 
2 -  :.I I!Y 6LT$1 L:.+i*< 8 4 -.,$*] <:CAI >; 
Speed She& (Knotsf $or Unusual Tornado Soundings 
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Figure 24 i s  a s c a t t e r  diagram of speed shear  versus d i r e c t i o n a l  
shear  f o r  SW, Tornado Outbreak, and Severe Thunderstorm Outbreak sound- 
ings.  The winds used t o  compute t h e  shears  w e r e  t h e  mean wind, sur face  
t o  850 mb, and t h e  500 mb wind. This  is  f e l t  t o  approximate the  shear  
between storm inflow and middle l e v e l  flow. There is  a l a r g e  range of 
values of both speed and d i r e c t i o n a l  shear.  For t h e  SW soundings speed 
shear  ranges from 8 t o  80 knots  and d i r e c t i o n a l  shear  ranges from -15 
t o  98 degrees. Standard dev ia t ions  are shown about each mean. Their  
l a r g e  va lues  i n d i c a t e  g rea t  sample v a r i a b i l i t y  f o r  a l l  t h r e e  types of 
soundings. Notice t h a t  only Severe Thunderstorm Outbreak soundings ex- 
h i b i t e d  a d i r e c t i o n a l  shea r  of more than  98 degrees. It appears t h a t  
severe thunderstorms, without a t tendent  tornadoes, are more l i k e l y  i n  a11 
environment which d i sp lays  very l a r g e  veering.  The phys ica l  implica- 
t i o n s  of t h i s  w i l l  be  discussed i n  P a r t  11. V e r t i c a l  wind shear  i s  
l a r g e  i n  t h e  v i c i n i t y  of f r o n t a l  boundaries. Most tornado proximity 
soundings were obtained during Apr i l ,  May and June ( r e f e r  t o  f i g u r e  4) .  
It i s  not  s u r p r i s i n g  then,  t h a t  i n  t h e  mean, proximity soundings e x h i b i t  
s t rong  shea r ,  s i n c e  t h e  major i ty  of them occur during t h e  time of t h e  
year  when convection is  pr imar i ly  t r i g g e r e d  along and ahead of s t r o n g  
f ron t s .  
, . j  a t~o ! t  cilc L s q ~ t J  mu b;#. ~ h i ~ f j 4 h  Standard 
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4. STORM RELATIVE WIND FIELDS 
Relat ive Winds f o r  Di f fe ren t  Sounding Types. Storm r e l a t i v e  winds 
were defined and explained previously i n  sec t ion  2. To hypothesize on 
poss ib le  storm/environment i n t e r a c t i o n s  it is  d e s i r a b l e  t o  consider the  
wind f i e l d s  which e x i s t  r e l a t i v e  t o  the  moving storm. The environmen- 
t a l  wind a t  some l e v e l  i s  probably d i f f e r e n t  than t h e  wind a t  t h a t  l eve l  
r e l a t i v e  t o  a moving storm. I n  sec t ion  2 storm r e l a t i v e  winds (based 
on an assumed storm motion) were shown f o r  d i f f e r e n t  sounding types. 
The v e r t i c a l  configurat ions of these  r e l a t i v e  winds were q u i t e  s imi la r  
f o r  the d i f f e r e n t  types of tornado environment wind p r o f i l e s  as shown 
i n  Table 3. 
LA- 
,y W, B[- T Y D ~  
Table 3 
Storm Relat ive Winds For Dif ferent  Sounding Types 
I S .w. ( 6 2  Cases) 
Tornado 
Outbreak 




( 19 Cases) 
Southerl y 
Severe 
Thunderstorm I ( 1 0  cares) 
080/34 1 10 /30 140/ 17 200/21 I l l  
080135 095/36 115/16 180/16 I l l  
A l l  sets of r e l a t i v e  winds show s t rong flow at  t h e  su r face  and 850 mb, 
l i g h t  flow a t  700 and 500 mb, and s t rong flow again a t  300 and 200 mb. 
Westerly tornado and Severe Thunderstorm Outbreak soundings have s imi lar  
storm r e l a t i v e  wind p r o f i l e s  except f o r  weaker flow i n  the  upper l e v e l s  
of t h e  severe thunderstorm case. 
To determine j u s t  how s i m i l a r  a set of r e l a t i v e  winds a r e  the  storm 
motion must a l s o  be considered. To do t h i s ,  a r e l a t i v e  flow angle (8) 
is  defined a s  t h e  angle between t h e  storm's motion and t h e  r e l a t i v e  wind 
See f igure  25 f o r  an example of t h i s .  
Relative Wind , 
at  Some Level ,' 
Relative 




Storm 8=The Angle Between the Storm 
Motion Vector Motion Vector and Storm Relative 
Winds. 8 =  Posi-tive on the Right 
Side and Negative on the L e f t  
Side of  the  Storm. 
Figure 25 
Def in i t ion  of Relat ive Flow Angle ( 0 ) .  
A r e l a t i v e  flow angle of -45 degrees i n d i c a t e s  t h a t  r e l a t i v e  flow ap- 
proaches t h e  l e f t  r e a r  of t h e  storm and an angle of +90 degrees indi-  
ca tes  t h a t  r e l a t i v e  flow approaches t h e  r i g h t  f l ank  of the  storm. 
Table 4 shows the  computed r e l a t i v e  flow angle f o r  d i f f e r e n t  types of 
soundings. This c l e a r l y  demonstrates how s imi la r  the  r e l a t i v e  winds are 
Table 4 
R e l a t i v e  Flow Angle For D i f f e ren t  Sounding Types 
Sounding 







(19 Cases)  
Souther1 y 
( 1 9  Cases)  
High Ploins 
S.W. 
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f o r  t h e  d i f f e r e n t  types  of tornado cases  and f o r  t h e  seve re  thunderstorm -
cases.  It should be  noted t h a t  t h e  r e l a t i v e  flow s i m i l a r i t i e s  of t h e  
Westerly tornado and Severe Thunderstorm Outbreak soundings a r e  p a r t i a l l y  
a r e s u l t  of making t h e  assumption t h a t  i n d i v i d u a l  storms move s i m i -  
l a r l y  i n  both  cases .  This  is  probably n o t  a v a l i d  assumption. The r e l -  
a t i v e  flow angles  of Table 4 show t h e  s u r f a c e  and 850 mb f low approaching 
t h e  r i g h t  f r o n t  of t h e  storm. The r e l a t i v e  flow a t  700 and 500 mb 
approaches t h e  r i g h t  o r  r i g h t  rear f l a n k  of t h e  storm. The upper r e l a -  
t i v e  winds approach t h e  rear of t h e  storm. It must be remembered t h a t  
t h e  observed environmental wind p r o f i l e s ,  which were used as a base f o r  
t h e  s torm r e l a t i v e  computations, do no t  have s u f f i c i e n t  r e s o l u t i o n  t o  
imply t h a t  they a r e  representa t ive  of near storm winds. The winds i n  
t h e  immediate storm region may d i f f e r  s i g n i f i c a n t l y  from t h e  
- - . - -  --.. - 
squal l - l ine  s c a l e  winds. I + ' *  1 r I ! '. . I ?  , 
' . Relative Winds f o r  Varying Storm Motion. The s t o p  r e l a t i v e  wind 
i , I :.," 3 r * .  j 
, f i e l d s  were derived f o r  the  mean sounding types baied 'on an assumed 
storm motion. An i n t e r e s t i n g  quest ion is: How does t h e  storm relative 
wind f i e l d  vary i f  d i f f e r i n g  storm motions a r e  assumed? To answer t h i s  
quest ion t h e  SW type ( l a r g e s t  da ta  sample) wind p r o f i l e  w a s  used and 
storm r e l a t i v e  yipds w e r e  somputed f o r  d i f f e r e n t  poss ib le  storm motions. 
The d i f f e r e n t  storm motions used were : 
'+ ! 
I , .  . :  
..-.. , 
1. 30 degrees l e f t  at  75% of the  mean wind. 
2 .  With t h e  mean wind. 
3. 15 degrees r i g h t  a t  85% of t h e  mean wind. 
4. 30 degrees r i g h t  at  75% of t h e  mean wind. 
5. 45 degrees r i g h t  at 60% of the  mean wind. 
'B . : ;'> L .. 
6. 60 degrees r i g h t  a t  50% of the  mean wind. , 
Storm movement number 1 has been designated a s  l e f t  moving, number 2 as 
mean wind, number 4 as r i g h t  moving, and number 6 as extreme r i g h t  mov- 
l 
ing. 
< . -  
Table 5 l ists the  computed r e l a t i ~ e * ~ ~ & d s  £of these  d i f f e r e n t  as- 
sumed storm motions. The r e l a t i v e  flow changes dramatical ly,  i n  t h e  
f ixed environment, a s  t h e  storm motion changes from l e f t  moving t o  ex- 
treme r i g h t  moving. Figure 26 shows t h e  d i f ference  . in . , relative - - - winds 
f o r  two of the assumed storm motions.' . ~ I d -  . - - 
- 9  I T , , - l  l l < ,  
Table 6 shows t h e  r e l a t i v e  flow angles f o r  the  various d i f f e r e n t  - .- 
-*I 1. 
.. ,, assumed storm motions. A s  t h e  storm motion changes from l e f t  moving t o  
La*? * . . .-- extreme r i g h t  moving the  following changes occur (see a l s o  t a b l e  5): 
, . I  i . # . .  . / \ r t c #  . ; :-. 7 ~ > , * -L>d I ( P  Table 5 . . 
Storm Relative Winds (SW Sounding) For Different Storm Motions . . , 
c n f  *P 
t: 




Relative Flow Angles (SW Soundings) For Different Storm Motions 
I Assumed ' storm S ~ C  850 700 500 300 
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Storm Rela t ive  Winds (For t h e  SW Type Wind P r o f i l e )  f o r  Two 
Different  Assumed Storm Veloci t ies .  
1. A t  t h e  su r face  l i t t l e  change occurs with s t rong inflow to- 
ward t h e  r i g h t  f ron t  of t h e  storm i n  a l l  cases. 
2. A t  850 mb flow approaching the  storm v a r i e s  a l l  the  way 
from t h e  l e f t  f l ank  t o  t h e  r i g h t  f l ank  and remains s t rong 
f o r  a l l  but the  l e f t  mover. 
3. A t  700 and 500 mb flow approaching the  storm v a r i e s  from 
the  l e f t  t o  t h e  r i g h t  f l ank  and becomes weak f o r  storms 
moving with o r  near t o  the  mean wind. 
4. A t  300 and 200 mb flow approaching the  storm v a r i e s  a l l  
the  way from l e f t  f lank t o  r i g h t  f lank.  
5. A s  the  storm's devia te  motion becomes g rea te r  (with re- 
spect  t o  the  mean environmental wind) t h e  magnitude of 
the  storm r e l a t i v e  winds s u b s t a n t i a l l y  increase  (by as 
much a s  a f a c t o r  of 5 a t  700 mb). 
These a r e  most significant r e s u l t s .  I f  it is  assumed t h a t  t h e r e  
i s  a p r e f e r r e d  p r o f i l e  of r e l a t i v e  winds a s soc i a t ed  wi th  tornado occur- 
rences,  t h e  p r o b a b i l i t y  of tornado product ion is a func t ion  no t  only of 
t h e  environmental wind f i e l d ,  b u t  a l s o  of thunderstorm v e l o c i t y .  
5 -  TEMPERATURE AND MOISTURE FIELDS 
Temperature and mois ture  (dewpoint and r e l a t i v e  humidity) va lues  
were s tud ied  a t  t h e  s u r f a c e ,  850, 700 and 500 mb. This  w a s  done f o r  
SW type soundings because of t h e i r  l a r g e  sample s i z e  and f o r  Tornado 
Outbreak soundings. The temperature and mois ture  f i e l d s  e x h i b i t  l a r g e  
v a r i a b i l i t y  j u s t  as t h e  winds and To ta l s  do. The most extreme va r i a -  
. (as " 
:d 
b i l i t y  i s  found i n  t h e  mois ture  f i e l d s .  
Figure 27 is  a s c a t t e r  diagram of 850 mb temperature ve r sus  sur -  
9B 
f ace  temperature f o r  SW, Tornado Outbreak, and Severe Thunderstorm Out- 
&; '\..,\ 
break soundings. For SW soundings t h e  temperature range a t  t h e  su r f ace  
was 2 7 ' ~  and a t  850 mb i t  was 22 '~.  The only  d i s t i n c t i o n  between t h e  
t h r e e  sounding types i s  t h a t  Tornado Outbreak temperatures  c l u s t e r  i n  
t h e  cooler  reg ion  of t h e  diagram and Severe Thunderstorm temperatures  
c l u s t e r  i n  t h e  warmer reg ion .  This  i s  because of t h e i r  r e s p e c t i v e  oc- 
cur rence  maxima i n  sp r ing  and summer ( see  f i g u r e  8 ) .  The s o l i d  l i n e  i n  
t h e  f i g u r e  r e p r e s e n t s  a dry a d i a b a t i c  l a p s e  r a t e  from t h e  s u r f a c e  t o  
850 mb, w i th  a s u r f a c e  p re s su re  of 980 mb. Some of t h e  l a r g e  s c a t t e r  
of f i g u r e  27 i s  caused by seasona l  d i f f e r ences .  While most of t h e  
soundings occurred i n  s p r i n g  and e a r l y  summer, 29% of t h e  d a t a  sample . ,. 
occurred i n  l a t e  summer, f a l l ,  and win te r .  Figure 28 i s  i d e n t i c a l  t o  
27 except i t  i s  f o r  only May and June  da ta .  The range of va lues  i s  not  
q u i t e  as g r e a t ,  bu t  i t  i s  s t i l l  l a r g e .  The range of bo th  su r f ace  and 
850 mb temperature f o r  SW soundings w a s  20'~. There i s  no thermal d i s -  
."! ; iw d a -  l : . x . c ~ .  I ' 
t i n c t i o n  between SW proximity soundings and t h e  o t h e r  two types.  
The SW soundings showed s e v e r a l  d i f f e r e n t  d i s t r i b u t i o n s  of moisture 
i n  t h e  v e r t i c a l .  Many of t h e  soundings were very  moist o r  very  dry  a t  
Figure 27 
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both 700 and 500 mb. All soundings had a high (Td > 10'~) moisture 
content below 850 mb. The soundings were categorized as moist, dry or 
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1. A sounding with relative humidity 60% or more at both 
700 and 500 mb was a moist sounding. 
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2. A sounding with relative humidity 30% or less at both 
700 and 500 mb was a dry sounding. 
3. All others were indeterminate soundings. 
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The c lose  SW soundings were included i n  t h e  d a t a  sample. The number 
Sfc Temperature (OC 
1,  .,d'f . :i ! ' ( ' a   x ti   on, 
1, 3 
of soundings obta ined  i n  each category were: 1 6  moist ca ses ,  15 d ry  
r 
cases ,  and 40 inde termina te  cases .  Of 71  soundings, 44% were e i t h e r  
R 7 I ,  I :  , ! .apj.:,,?uci? y i  r&i,*!.nq 
very dry o r  very  moist.  
Figures  29 through 32 a r e  v e r t i c a l  p l o t s  of temperature and mois- 
t u r e  f o r  t h e s e  t h r e e  sounding types  and a l s o  f o r  Tornado Outbreak 
soundings. Each f i g u r e  includes:  
i f r 
3~ I:-. ...  , .  " r$c,*t 1. The mean temp,erature and dewpoint p r o f i l e .  
2 .  The mean deviat ion of t h e  temperature and t h e  range of 
temperature extremes. 
3. The Tota ls  Index. 
4. A Lif ted  Index obtained by l i f t i n g  surface  condit ions t o  
500 mb. 
5. The re la . t ive  humidity p ro f i l e .  
6 .  The mean deviat ion of the  r e l a t i v e  humidity and the  range 
*...,, of r e l a t i v e  humidity extremes. 
A l l  four sounding types display similar temperature p r o f i l e s  with 
small mean deviat ions and ranges. The dry soundings a r e  2 . 7 ' ~  w a r m e r  
(*i:yni *,!( 
:*, ?p a t  700 mb than the  indeterminate type. This i s  probably due t o  subsi- 
dence warming. The Totals  and L i f t ed  Indices  a r e  consis tent  f o r  a l l  
sounding types except the  moist soundings. The more s t a b l e  p r o i i i e  %f 
the  moist soundings i s  a r e s u l t  of convective modification of t h e  en- 
vironment. This is  subs tan t i a ted  by t h e i r  constant ,  much less var iab le ,  
moisture pl-ofile. The r e l a t i v e  humidity p r o f i l e s  show l a r g e  v a r i a b i l i t y  
f o r  t h e  indeterminate and Tornado Outbreak soundings and f o r  dry sound- 
ings a t  850 mb and the  surface .  This l a rge  v a r i a b i l i t y  is  not surpr is -  
ing  when i t  is rea l i zed  t h a t  these  soundings a r e  sampling a wide range 
. , of convective conditions. . #~ 
Yii> f 2 f .  < 
The mean temperature and dewpoint p r o f i l e  of f igure  29, t h e  inde- 
~ 
terminate cases,  is very s imi la r  t o  Darkow's (1969) average tornado 
7 '*A1 2 > Y ,b .'i $ 
proximity sounding. This ind ica tes  t h a t  averaging produces s imi la r  re- 
s u l t s  whether o r  not t h e  very moist and very dry cases a r e  included i n  
>Yfi'4 :t:i:., * b  I:.. <. . . , , A  ' 
the  sample. I n  averaging a l a r g e  da ta  sample one smoothes away t h e  
very i n t e r e s t i n g ,  unusual soundings. These "10s t" soundings might 
provide a b e t t e r  i n s i g h t  i n t o  associated events. To f u r t h e r  inves t i -  
ga te  t h i s  point  of view the l o c a t i o n s  of moist and dry soundings were 
Relat ive Humidity (Ole) Temperature (OC) 
i 
Figure 29 
Temperature and Moisture Profiles for Indeterminate Soundings (40 cases). 




Td = Dewpoint (-----I 
Envelope o f  Extreme 
600 Values (-1 
7 0 0  
TOTALS = 52 
800 L ~ f t e d  I ndex  (Surface 
t o  5 0 0 m b ) =  -4 
\ \ i 
': ,I t ( \ 
Relat ive Humidity (O/O) Temperature (OC) 
Figure 30 
Temperature and Moisture Profiles for Moist Soundings (16 Cases). 
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Temperature and Moisture P r o f i l e s  f o r  Dry Soundings (15 Cases).  
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Figure 32 
Temperature and Moisture P r o f i l e s  f o r  Tornado Outbreak Soundings 
(23 Cases).  
plotted. Plotted first were the positions of all the moist and dry 
soundings at 700 mb relative to the location of the tornado storm. The 
results are shown in figure 33. The moist soundings tend to be within 
50 n.mi. of the tornado storm indicating vertical motion and convective 
mixing in the immediate storm area. The dry soundings tend to be well 
ahead of the storm in a region of little vertical mixing and/or sub- 
sidence. 
Figure 33 
Locations of Moist (M) and Dry (D) Soundings at 700 mb. Tornado- 
Storm is at Center. 
Figure 34 shows the position of soundings which were either dry 
or moist at both 700 and 500 mb. The moist area near the storms and 
t h e  very  dry  region ahead of them a r e  both w e l l  def ined.  Since t h e  
time of a l l  soundings is la te  af te rnoon,  i t  is most l i k e l y  t h a t  t h e  dry 
reg ion  ahead of t h e  s torms is a r e s u l t  of s torm induced subsidence. 
Also shown on t h i s  f i g u r e  is a reg ion  where very d ry  cond i t i ons  a t  500 
mb e x i s t  above a s u r f a c e  t o  700 mb moist  l a y e r .  This  reg ion ,  where up- 
ward motion and mixing i n  t h e  lower t roposphere i s  l i k e l y  capped by 
upper t roposphe r i c  subsidence,  t ends  t o  e x i s t  immediately ahead of and 
t o  t h e  r i g h t  of t h e  tornado storm. 
These f i g u r e s  demonstrate t h a t  squa l l - l i ne  s c a l e  f e a t u r e s  can be 
i d e n t i f i e d  from proximity da t a .  This  is e s p e c i a l l y  so  when one r e a l i z e s  
t h a t  t h e  d a t a  sample is not homogeneous and t h a t  important  i nd iv idua l  
soundings can be  l o s t  by ind i sc r iminan t  averaging. 
Figure 34 
r . 4  
Locations of Moist (M) and Dry (D) Soundings at  Both 700 and 500 rnb. 
Tomado-Storm i s  a t  Center.  , (.,-!,: : j~ 8 
:. .. : i s * (  . -  0 3  4.i I i !A ,;;w 73 6. NORMALIZED WIND FIELDS 
3 'h 
Defini t ions  and Procedures. B i l l s  (1969) derived a tornado wind 
f .  . ,;if ' - 
f i e l d  by averaging data i n  s ix teen  d i f f e r e n t  sec to r s  around the  torna- 
2 3  1 
do. The most se r ious  problems of t h i s  approach a r e  poor resolut ion i n  
7 .  ' . 
da ta  posi t ioning,  and t h e  averaging together of d i f f e r e n t  type sound- 
[,{' Lw t. 
ings. I n  t h i s  s tudy an attempt was made t o  examine near tornado wind 
. I,' , ,,; , 
f i e l d s  a t  two l e v e l s ,  850 and 300 mb, using methods which maximize data  
? .! d !. & 
compatibi l i ty.  The term "normalize" i s  used t o  describe the  methods 
used t o  derive comparable s e t s  of wind data.  The da ta  considered were 
k) - i 3 r sno, 
the  SW and c lose  SW proximity soundings. This gave a l a r g e  and basi-  
1 . . 
c a l l y  comparable data  sample. 
33. Y.,.ll-,i ,.j r.: v 3 $ i t c l c ; a  g~-io?rje l a  9 0 ~ s  
The winds a t  850 and 300 mb w e r e  normalized i n  t h e  following man- 
, - , : . . . - - , 2 . r t r a  \. a : -  w u - x i  .!. * *.*-. 
'. $ 1 ;  r ? a 3  . s q w  1. Each wind was expressed a s  a 'deGiation i n  degrees from 
- .  i t s  individual  sounding's mean wind d i rec t ion  and a s  a - - 1 1  -.-"% - ' -  - L  percent of the  mean speed. 
2. The deviat ion and percentage were then applied t o  t h e  
mean sounding wind of t h e  SW da ta  sample (220°/48 knots) 
., I t o  obta in  a normalized wind. - ' -  "'-"; . "a .- --.. -.-- 
. ( q d P r )  &iltW 
0 For example, consider a proximity sounding with a mean wind 195 /80 
. . 
knots and an 850 mb wind 155~160 knots. Its 850 mb d i r e c t i o n  deviat ion 
ihr:  i 
is then -40 degrees (a  d i rec t ion  backed from t h e  mean w a s  considered 
negative) and i ts  speed percentage i s  75%. When -40 degrees and 75% 
a r e  applied t o  t h e  mean SW wind of 220'148 knots a normalized wind of 
180°/36 knots is obtained. 
[, ' 
I n  t h i s  manner t h e  winds of both unusud ly  s t rong and l i g h t  wind 
;?nor l 
s o y d i n g s  a r e  reduced o r  increased t o  be more comparable t o  the  bulk of 
, L i 1 Y , $ 3  ~ R ~ X J  9d3 J T H ~ P * ~  aoi4j8;5 rbrlffrlt 4 ~ ;  I r , ~ i  t. 
t he  d a t a  sample. This  normalizing procedure w a s  app l i ed  t o  a b a s i c a l l y  
s i m i l a r  s e t  of d a t a  and the  c o r r e c t i o n s  app l i ed  were n o t  genera l ly  l a r g e .  
bti l*  
A t  850 mb 52% of  a l l  speed c o r r e c t i o n s  were 10  knots  o r  l e s s ,  and they 
-i..nTof bQuDTS 27f222@R 
ranged from 0 t o  28 knots ,  The d i r e c t i o n  c o r r e c t i o n s  ranged from 0 t o  
n i  I Y ~ J  
50 degrees and 55% of t h e  c o r r e c t i o n s  were 20 degrees o r  less. The nor- 
-6s1u 
mal iza t ion  example given above is an extreme case. Each normalized wind 
Sn.h 
w a s  p l o t t e d  a t  i t s  es t imated  l o c a t i o n  r e l a t i i r e  t o  t h e  tornado-storm. - No 
r :ah 3 
averaging  of r e s u l t a n t  winds was done, i n s t ezd  t h e  two p l o t t e d  f i e l d s  of 
1 . ,  - *Lo 9f"f . , . . : I  l j i j f i c ; cQ.* t  
normalized winds were examined f o r  gene ra l  c l$arac te r i s t ics .  
I 
91 9-.I b 186 I 
Tornado Wind F ie lds .  F igure  35 is t h e  850 mb normalized wind f i e l d .  
- - i t ? g A  s%rjrr 
Winds of 40 knots  o r  g r e a t e r  are enclosed by a d o t t e d  boundary. The 
zone of s t r o n g  winds covers  a l a r g e  reg ion  from sou th  t o  no r theas t  of 
.- I:IB% 
' the tornado-storm. No d i s t i n c t  j e t  maxima can b e  i d e n t i f i e d .  The more 
wes t e r ly  winds nea r  and t o  t h e  n o r t h  of t h e  tornado-storm a r e  possibly 
,,q s&g5sproduced e f f e c t .  A gene ra l  zone of confluence i s  apparent  along 
i, sr; baa nc 
a l i n e  from southwest t o  n o r t h e a s t  through t h e  tornado-storm, These 
.,normalized winds around t h e  tornado-storm a r e  gene ra l ly  50 t o  100 per- 
6 e lor 
cent  s t r o n g e r  t han  t h e  composited tornado proximity wind f i e l d  obtained 
by W i l l s  (1969). 
A- . '1 
08\ -ZpL 
Figure 36 i s  t h e  300 mb normalized wind f i e l d .  The a r e a  l abe l ed  
. O  
~ ? o t  ia,tvsh K 1 ~ :  3 & Gc'8 3.t) . i i ~ o i ~ d  GCI'~ rit1 5r t )  w 
MIN and bordered by a dashed l i n e  is  t h e  gene ra l  reg ion  i n  which winds 
h.9 : 
of l e s s  than 60 knots  occurred (no te  t h a t  t h i s  is  - not  a reg ion  of only 
ZtT 
l e s s  than 60 knot winds and t h a t  i t  d e p i c t s  a t r e n d  f o r  l i g h t e r  winds t o  
?:> J 
occur  i n  t h e  o u t l i n e d  a r e a ) .  The a r e a  l a b e l e d  MAX and bordered by a dot- 
t e d  l i n e  is' t h e  gene ra l  r eg ion  i n  which winds of 75 knots  o r  g r e a t e r  
VJ i h i r ~ b  
occurred (note  aga in  t h a t  t h i s  i s  - not  a reg ion  of only very  s t r o n g  
winds b u t  r a t h e r  a reg ion  where t h e  t r e n d  is toward s t ronge r  winds). A 
broad zone of d i f f luence  is apparent from e a s t  t o  n o r t h n o r t h e a s t  of the  
tornado-storm. These genera l  f e a t u r e s  might be  expected i f  it were hy- 
pothesized t h a t  a c l u s t e r ,  o r  l i n e ,  of thunderstorms ex i s t ed  along a 
s l i g h t l y  curved l i n e  from nor th -wr theas t  t o  southwest of t h e  tornado- 
i 
storm. There is  a tendency f o r  a zone of maximum wind speeds t o  e x i s t  
25 t o  75 n.mi. south t o  e a s t  of t h e  tornado-storm. This could pos i t ion  
the  storm i n  a region of cyclonic speed shear.  Once again t h e  winds a r e  
/ .  , 
-\ ,A,,, 2 .l s igni f  icantly'%tronger than those of W i l l s .  
These n,orplalized wind f ie lds ,  demopstrate again t h a t  it is poss ib le  
+* ' - .a 2 w 8 
\ \ .  &$ ?..b \ 
t o  inves t iga te  the  squa l l - l ine  s c a l e  environment surrounding tornadoes 
using a l a r g e  sample of proximity soundings. The important considera- 
t i o n  i s  t h a t  extreme ca re  must be taken t o  obta in  a comparable s e t  of 
. i ,  '. - . - -ms 44 
data  before ahy data  proc&81(ing o r  aAraging is done. 
L, 
-. 
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Figure 35 
850 mb Normalized Wind F ie ld  (General Streamlines are Shown). 
Note: = 65 Knots . ' /  
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Figure 36 
300 mb Normalized Wind Field (General Streamlines are Shown). 
7. RESEARCH AND PREDLCTION IMPLICATIONS 
,,*,..- - .. . -8 3 1. f~ . 
Research Methodology. Mahy researchers  have used compositing o r  
averaging techniques t o  study the  "tornado environment". The r e s u l t s  
: a, 
of t h i s  data study ind ica te  t h a t  compositing techniques a r e  not accur- 
' .', 
a t e  enough t o  resolve  t h e  near tornado o r  tornado-storm environment. 
.( ' 
In  addi t ion  t o  t h i s ,  t h e  ranges of various parameters associated with 
. an0 
tornado occurrence i s  so l a r g e  t h a t  averaging processes smooth away any 
. , 
unusual data;  t h i s  unusual da ta  could w e l l  be t h a t  which w a s  ac tua l ly  
- I  
obtained very near the  tornado-storm. The assumption t h a t  average prox- 
--! -t LJ  
imity data  i s  representa t ive  of the  near tornado environment i s  ten- 
uous and conclusions based on t h i s  assumption may not be va l id .  The 
:&& J Y f! 
research methods of t h e  National Severe Storms Laboratory (NSSL) a r e  
4 - u .a 
those most l i k e l y  t o  speci fy  t h e  near tornado environment. The combi- 
112 : .!": 1 0  J '-, X@ I l l  r >  :rT rV'. 
nation of dense observational  da ta  i n  the  hor izonta l ,  v e r t i c a l ,  and i n  
2 ni- 
t i m e ,  p rec i se  radar da ta  (conventional and dual  doppler) ,  and a f i e l d  
. d , , ,  , 
operation t o  t r ack ,  photograph, and accura te ly  l o c a t e  tornadoes i s  the  
-.qf : , 7a.t ;1 
only way t o  document t h e  a c t u a l  tornado and tomado-storm s c a l e  environ- 
ment. Descriptions of the  p rec i se  da ta  processing methods of NSSL a r e  
, i ; P : I Y  " ,: ,; ?; fib ' *  t:. ' 
contained i n  Barnes (1973b) and Barnes, e t  a l .  An i n t e r e s t i n g  
explanation and descr ip t ion of t h e  tomado in te rcep t  f i e l d  operat ion 
. - 
i s  given by Golden and Morgan (1972). 
. ! .  . , 
It has been shown t h a t  t h e r e  is a wide range of synoptic and squal l -  
l i n e  s c a l e  environmental condit ions associa ted  with tornadoes and t h a t  
., ,I _ q i i * ? * . ,  . i , J  f~ 3 ~ :  - , .mF .+ , I '  r or. fib.j.8 2 . ,v-.. :I~IJ= .'d57 '
s imi la r  sets of condit ions may be associa ted  with a l a r g e  range of num- 
ber,  s i z e  and i n t e n s i t y  of tornadoes. The range of tornado associated 
V . ~ % Y  synoptic and squal l - l ine  s c a l e  parameters is so great  t h a t  t h e  only 
8 .  , ,).),:!<I,' , 4 %  3::12 j ,T 71- ! ~ : , J  i a * 5 0 - J > ? l '  
necessary cond i t i on ,  on t h e s e  l a r g e r  s c a l e s ,  f o r  t h e r e  t o  be  a 
p r o b a b i l i t y  of tornado occurrence i s  t h a t  convect ion must occur.  The 
1 . J  
p r o b a b i l i t y  i s  q u i t e  small under a l l  b u t  s t r o n g  seve re  thunderstorm 
< ji:. 
condi t ions .  The set of Unusual proximity soundings examined i n  s ec t ion  
2 does v e r i f y  t h a t  occas iona l ly  phenomena on t h e  d i f f e r e n t  s c a l e s  of 
. .I 
motion i n t e r a c t  t o  produce a tornado under very weak thunderstorm con- 
, I  , ' * *  , . I ;  
Forecas t inp  Impl ica t ions .  The f a c t  t h a t  air  mass thermal  and wind 
, ,;~l!Y3s 
s t r u c t u r e  does n o t  s p e c i f y  e i t h e r  tornado l i ke l ihood  o r  number and in ten-  
" ,'I\: u 
s i t y  s u b s t a n t i a t e s  many of t h e  seve re  s torm and tornado f o r e c a s t  pro- 
- . I  
cedures of t h e  A i r  Force Global Weather Cen t r a l  (Mi l l e r ,  1972). These 
. , $ I  $ , . -, !.,n r j e  ,.< t . i  ,... . 
, , 
procedures stress t h e  importance of t h e  i n t e r a c t i o n  of  a i r  mass type 
, $ - 
with  synopt ic  and s q u a l l - l i n e  scale f e a t u r e s .  The proximity d a t a  of 
. . i!;i 7 , st?'? r r :  , T t , . + i  ' ? : Ic fl J .  ' 
t h i s  s tudy  v e r i f i e s  t h e  u s e f u l l n e s s  of a seve re  s torm p r e d i c t o r  which 
i A i  ' ,  
: :  1 
inc ludes  n o t  only a i r  mass s t a b i l i t y  bu t  a l s o  inco rpora t e s  important 
, I  - I 
synopt ic  f e a t u r e s  such as winds a l o f t  and d i r e c t i o n a l  shea r  i n  t h e  ver- 
; .- 
t i c a l ;  t h e  r eade r  should r e f e r  t o  Miller, et al. (1971) f o r  a descr ip-  
t i o n  of such a p r e d i c t o r ,  t h e  SFTEAT Index. The importance of sub- 
' ) "  , $ - : .  7 . 3  ," . .' . ,  >' 3 - . - I -. ,* 7 
synopt ic  s c a l e  phenomena i n d i c a t e s  t h a t  an index  composed of important 
hourly s u r f a c e  parameters  (used t o  monitor synopt ic  and squa l l - l i ne  
' < )  
s c a l e  condi t ions  as c l o s e l y  a s  poss ib l e )  should b e  very  use fu l ,  espe- 
c i a l l y  when used i n  conjunct ion  wi th  a p r e d i c t o r  such as SWEAT; s e e  
,:'.,' 
Maddox (1973) f o r  t h e  d e s c r i p t i o n  of such an  index. 
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The s m a l l  s i z e  of t h e  Tornado 0utbreak.and Severe Thunderstorm Out- 
, 00 .* 
break d a t a  samples i n d i c a t e s  t h a t :  
6% 1, ., 1 . *  , , ,  . - 3 :  i, r -: 
- -  . 
1. S e t s  of cond i t i ons  which hrodbce' large, d e s t r u c t i v e  t o r -  
nadoes occur  r a t h e r  i n f r equen t ly .  
LS < ~ ~ i ~ . . \ - s  t ~ d  '; 1 cXs 2. Sets  of condit ions which produce s i g n i f i c a n t  severe 
thunderstorms, without a t tendent  tornadoes, a l s o  occur 
f>~ .~07 .* i .%b d3)Efk ir!;& infrequently.  
- 6 f t . 3  l ~ ~ i j 2  k 
The soundings associated with only severe thunderstorms, although 
( 1 -  - lc>I-~Ak 
t h e i r  upper winds tend t o  be  westerly,  are not d i s t i n c t l y  d i f f e r e n t  from 
c e r t a i n  of the  tornado proximity soundings. This, coupled with the  
b:;cll 
small number of pure severe thunderstorm days, implies t h a t  the re  i s  
. i>o. .wix.- i  
l i t t l e  observational  da ta  ava i l ab le  on t h e  synoptic o r  squal l - l ine  sca le  
, j:. 2 1 :J 
which can be used t o  de l inea te  a pure severe thunderstorm s i t u a t i o n  . (.. : - - 
from one t h a t  may produce an  i s o l a t e d  tornado. 
F u j i t a  and Pearson (1973) have shown t h a t  a small number of l a rge ,  
in tense  tornadoes a r e  responsible f o r  the  major port ion of tornado dam- 
age, and t h a t  most tornadoes a r e  r e l a t i v e l y  weak and have a shor t ,  nar- 
row path. This agrees w e l l  wi th  t h e  da ta  of f igure  20, which shows 
t h a t  most of the  proximity soundings were associa ted  with fewer than 10 
reported tornadoes, and a l s o  with t h e  f a c t  t h a t  so  few Tornado Outbreak 
soundings were found. However, F u j i t a  and Pearson a r e  apparently pre- 
senting a case f o r  e i t h e r :  q y ~  y.Lx'1~13~3,-  . . ~ ~ C J T J E ?  
1. Redefining the  term "tornado" t o  apply t o  only l a rge ,  
very dangerous tornadoes, o r  
2 .  Changing forecas t  procedures so t h a t  t h e  publ ic  i s  a l e r t -  
ed only when l a rge ,  very dangerous tornadoes a r e  l i k e l y .  
This study supports t h e  contention t h a t ,  r a t h e r  than redefining 
I1  tornado" o r  the meaning of a "tornado watch", only severe thunderstorms 
should be forecas t  a s  such. The r e l a t i v e  s t r eng th  o r  weakness of each 
severe thunderstorm s i t u a t i o n  could be assessed and a "probabil i ty s t a t e -  
ment" t h a t  some of the severe thunderstorms may be accompanied by to r -  
nadoes would be included i n  t h e  fo recas t .  The individual  whose farm 
o r  home is destroyed by a small, i s o l a t e d  tornado can hardly be consoled 
' !i ~ C O ! ,  - ,JF .'.. -- 
by the  f a c t  t h a t ,  i n  a statistical sense, t h e  tornado which destroyed 
h i s  property was ins ign i f i can t .  The tornado which did 135 mil l ion  dol- 
L '  ,.I * <  ..> , e 
l a r s  damage i n  Lubbock, Texas w a s  one of t h r e e  reported tornadoes i n  
West Texas on 11 May, 1970. Consider a l s o  t h a t  on 19 Apri l ,  1968, 
the re  were four reported tornadoes i n  Arkansas. One of these formed 
I,.. b ! > : h - i \ ~ l '  ,. q : 
on t h e  o u t s k i r t s  o f ,  and then moved through, t h e  small t o m  of Greenwood. 
This tornado had an observed l i f e t i m e  of four minutes; yet  it resu l t ed  
\ 
i n  14 deaths,  270 i n j u r i e s ,  and damage i n  category 6 (see f igure  17). 
The proposed new type of severe thunderstorm watch could be worded 
s i m i l a r i l y  t o  these two examples: 
1. Iso la ted  severe  thunderstorms a r e  l i k e l y  i n  a speci f ied  
a rea  during a spec i f i ed  time period. The p o s s i b i l i t y  
exists t h a t  one o r  two of these  storms may produce fun- 
n e l  clouds o r  small  tornadoes. This could be the  fore- 
c a s t  f o r  a northwest wind o r  an  over-running s i t u a t i o n .  
2. Numerous severe thunderstorms a r e  l i k e l y  i n  a speci f ied  
a rea  during a spec i f i ed  t i m e  period. Some of these  
I - i . ?  : n:. : ;?H '.c I frstorms w i l l  l i k e l y  be accompanied by l a rge ,  po ten t i a l ly  
des t ruc t ive  tornadoes. This could be  t h e  fo recas t  f o r  
a strong,  souther ly  t y p e  s i tua t ion .  J 
, a , . , , .  .. :r-. .. , J  i..' 1 l:i!lv.rrqi' it : . 8 :,s.;,: A ,:..r: . I ; ,  ,.., ;TC ,  ;;: t: , : ;. . , : ,#  I . 
. *  ' 
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8. SUMMARY PART I 
The r e s u l t s  of a de ta i l ed  study of tornado proximity soundings 
were presented i n  P a r t  I. This work d i f fe red  from previous s tud ies  i n  
duxta'several important ways. The da ta  w a s  posi t ioned r e l a t i v e  t o  a moving 
an' tornado-storm. The various proximity soundings were s t r a t i f i e d  i n t o  
' ' 1 0 3  ' d i s t i n c t  ca tegor ies  befo?: "'a"ri"y "a"v"e"ragi'nĝ  iasl'%one. The general ,  o r  
~ * ~ ~ ~ a ~ u s u a l ,  type of tornado proximity soundings were compared t o  tornado 
""',A &.-outbreak and severe thunderstorm proximity soundings. Four scales of 
motion, important i n  tornado formation, were defined. Careful consi- 
1st b, dera t ion was given t o  inherent  e r r o r s  of the  da ta  sample. 
--l'.'a?ur 2 -2''L:The most outstanding ~h~~ac?te-r?s t ic  of th'e Yr'oximity da ta  was t h e  
J d5'4 ' extremely l a rge  range of parameters associa ted  with tornadoes. The 
1 
1 .  
storm r e l a t i v e  wind con£ igura t ion  was f ouid t o  be v e r j  s w a r  f o r  a l l  
m i o f @  ' types  of mean tornado wind p r o f i l e s .  An important f inding w a s  t h a t  t h e  
storm r e l a t i v e  wind configurat ion changes dramatical ly as t h e  storm's 
veloci ty  v a r i e s  i n  a given environment. It has been shown t h a t  the re  
is l i t t l e  di f ference  between tornado outbreak and more general  tornado 
conditions. This ind ica tes  t h a t  synoptic,  squal l - l ine ,  and tornado- 
storm s c a l e  phenomena a r e  very important,  i n  addi t ion  t o  general a i r  
mass fea tures .  
It was shown t h a t  da ta  pos i t ioning e r r o r s  of t h i s  study, and a l s o  
of pas t  s tud ies ,  a r e  great  enough t h a t  tornado and tornado-storm s c a l e  
fea tures  cannot be resolved by compositing techniques. Proximity sound- 
ings can be used t o  study squa l l - l ine  and synoptic s c a l e  fea tures  as- 
socia ted  with tornadoes. There a r e  severa l  d i f f e r e n t  types of moisture 
p r o f i l e s  common i n  the  v i c i n i t y  of severe storms, and i t  was shown t h a t  
squal l - l ine  s c a l e  v e r t i c a l  motion can be deduced from care fu l  study of 
I 1,. r i 
moist and dry type soundings. General features of the tornado 
associated, squall-line scale, wind field were identified using a nor- 
malization technique. . - 'l > . '  , e, ' n l  t . , r  $1 $ +  . ty : +w 
Several important conclusions have been made concerning research 
and forecast techniques. A detailed study of individual situations, the 
approach used at NSSL, is the best way to investigate tornado and tor- 
nado-storm scale features. Several severe storm forecasting techniques 
of the Air Force Global Weather Central have been given additional sub- 
'.. stantiation. There was little distinction between tornado conditions 
and severe thunderstorm conditions, and there have been relatively few 
times in the past 15 years when a significant number of severe thunder- , 
storms occurred without isolated tornadoes also oc%urring. Since there 
A is little observational basis for differentiating "&~~rga&o~ w_aatchesn 
& - :  from "severe thunderstorm watches" a new manner of wording severe storm 
-, ,. forecasts has been suggested. . .). , >5 , , '. . ,  I 3 , .  c .. . \  . .  
1. OBSERVED FEATURE3 AND CHARACTERISTICS OF THE TORNADO AND 
TORNADO-STORM ENVIRONMENT 
The most important  p r e r e q u i s i t e  of any tornado theory  o r  model i s  
t h a t  i t  must be compatible w i t h  documented f e a t u r e s  of t h e  tornado- 
? a  'I storm environment. These observed f e a t u r e s  a r e  reviewed i n  t h i s  sec- 
. (a\ i 5 1 1 ~  !qq 1 t i o n .  
Synoptic Features .  Miller (1967), W i l l s  (1969), Darkow and 
Fowler (1971), and Novlan (1973) have a l l  shown t h a t  most tornadoes 
-* , i  
form under cond i t i ons  when s t rong  convect ive  u p d r a f t s  exist i n  lower 
t ropospher ic  l a y e r s  of l a r g e  v e r t i c a l  wind shear .  Tornadoes a r e  usu- 
a l l y  a s soc i a t ed  wi th  high i n s t a b i l i t y ,  s t rong 'wind  f i e l d s ,  and seve re  
convection. However, i t  was shown i n  Part I that tornadoes can b e  as- 
soc i a t ed  wi th  a very  l a r g e  range of synop t i c  condi t ions .  The r eade r  
should r e f e r  t o  Miller (1972) f o r  a comprehensive review of synop t i c  
s c a l e  f e a t u r e s  most commonly a s s o c i a t e d  wi th  tornado occurrences.  
I> i ;) ;z,L Tomado-storm Fea tures .  The p r e f e r r e d  l o c a t i o n  f o r  tornado de- 
r 3z!??ff 
velopment is  on t h e  r i g h t  f l a n k  of a l a r g e ,  s eve re  thunderstorm. Bates 
IE t r d q  (1961) emphasized t h i s  favored l o c a t i o n .  Purdom's (1971) work wi th  
ai 
L.3 - 7  i, s a t e l l i t e  imagery c l e a r l y  demonstrates t h a t  tornadoes a s soc i a t ed  wi th  
the  seve re  storms he s t u d i e d  w e r e  on t h e i r  r i g h t  f lanks .  
j ' {a? 
~ 4 1 j . i  ?x: ' 2 :  . The core  of heavy p r e c i p i t a t i o n  i s  u s u a l l y  2 t o  5 km N t o  NNE of 
t h e  tornado. This  f e a t u r e  is  r e f e r r e d  t o  many times in  Storm Data re- 
t'b 3 --. : ( '  
por t s .  It has been documented by Snider  (1971) i n  h i s  s tudy  of pre- 
, C'ut 1 '  
ha: c i p i t a t i o n  r a t e s  and amounts a s s o c i a t e d  w i t h  tornado producing 
thunderstorms. Tornado photographs, and numerous accounts i n  Storm 
Data, i n d i c a t e  t h a t  p r e c i p i t a t i o n  i n  t h e  immediate tornado v i c i n i t y ,  i f  
any, i s  usually very l i g h t .  Large h a i l  frequently occurs j u s t  t o  t h e  
l e f t  of t h e  tornado's  t rack.  
Tornadoes usual ly  develop beneath a lower based, r o t a t i n g  c o l l a r  
cloud. Tornadoes o f t en  are located  beneath t h e  f i r s t  ( i n  r e l a t i o n  t o  
the  main thunderstorm) towering cumulus of a l i n e  of f lanking cumulus 
clouds extending southwestward from the  main thunderstorm (see Bates, 
1961 and 1970). 
Size and In tens i ty .  A wide range of s i z e s  and i n t e n s i t i e s  i s  as- 
socia ted  with v e r i f i e d  tornadoes (Pearson and F u j i t a ,  1973). There i s  
a spectrum of dust  d e v i l  and tornado i n t e n s i t y  with some overlap be- 
tween small tornadoes and l a r g e  dus t  dev i l s .  There a r e  many repor ts  i n  
Storm Data t h a t  demonstrate t h e  exis tence  of t h i s  i n t e n s i t y  spectrum. --
For example: 
1. 18  May, 1967, Omaha, Nebraska. A l a r g e  whirlwind 100 
f e e t  i n  diameter and severa l  thousand f e e t  high formed 
under c l e a r  skies .  It destroyed garages, toppled t r e e s  
and downed power l i n e s .  
2. 21 Apri l ,  1971, Western Tennessee. A l a r g e  whir l  did 
considerable property damage severa l  minutes before a 
thunderstorm began. 
3. 16 May, 1971, Lubbock, Texas. A funnel cloud w a s  spawned 
by a s m a l l  shower wi th  a radar  top of 22,000 f e e t .  The 
funnel was observed by thousands of persons and produced 
no damage. 
4. 6 October, 1969, Conway, Arkansas.. A small, white, rope 
funnel  damaged four houses. It w a s  --- 20 f e e t  wide a t  the  
ground. 
5. 19 May, 1960, Eastern Kansas. A l a r g e  tornado produced 
heavy damage, 1 f a t a l i t y ,  and 91 i n j u r i e s  along a 80 mile 
path. The storm was not  w e l l  defined a s  a funnel but was 
described a s  a r o l l i n g ,  b lack mass of cloud accompanied 
by a dreadful  roar .  The damage path w a s  exceptionally 
wide, 1/4 t o  3 miles, but t h e  debr i s  showed a d e f i n i t e  
cen te r  l i n e  along t h e  t rack.  
Kraus (1973) s tudied a storm i n  Connecticut and Massachusetts t h a t  
produced a v e r i f i e d  tornado which remained on t h e  ground f o r  t h r e e  min- 
u tes .  The storm's radar  top a t  the  t i m e  of tornado occurrence was only 
35,000 f e e t .  No h a i l  and only one l igh tn ing  s t r o k e  was reported by 
people i n  t h e  storm path. 
Duration. A r e l a t i v e l y  few l a r g e  tornadoes e x i s t  f o r  severa l  hours 
and produce a long damage t rack.  These des t ruc t ive  storms have been 
studied by Darkow (1971), Wilson and Morgan (1971), and Pearson and 
F u j i t a  (1973). However, descr ip t ions  i n  Storm Data i n d i c a t e  t h a t  most 
tornadoes have a shor t  dura t ion of 15 minutes o r  less. I n  f a c t  many 
tornadoes had an observed dura t ion of only 1 t o  3 minutes. Reber (1954) 
observed a series of tornadoes and funnel clouds i n  Northeastern Colo- 
rado and Western Nebraska, and none of them had a l i f e  t i m e  of more than 
3 minutes. 
Pressure Prof i l e s .  Few pressure  measurements have been made i n  the  
ac tua l  damage t r ack  of a tornado. F u j i t a  (1960 and 1970) reported i n  
depth on the  Fargo, North Dakota, and Lubbock, Texas tornadoes. The 
pressure t r a c e s  associa ted  wi th  these  tornadoes and a l s o  those obtained 
a t  Topeka, Kansas, 1966: Newton, Kansas, 1962: and Dyersburg, Tennessee, 
1952, have a l l  recorded pressure drops of 35 mb o r  less. These measure- 
ments may, however, be subject  t o  s i g n i f i c a n t  e r ro r s .  One of t h e  most 
important f a c t o r s  would be t h e  instrument 's  response t o  t h e  rapid pres- 
su re  changes. The i n t e n s i t y  and s tage  of development of t h e  tornado 
could a l s o  a f f e c t  t h e  measured pressure d e f i c i t ,  For example, the  Lub- 
bock tornado was d i s s ipa t ing  when' i t  passed over the  instrument site. 
ylEirsaoi3The v i s i b l e  edge of t h e  condensation funnel  has  been sa id  t o  
st  knl3sb 
roughly represent  the  condensation pressure  surface.  The exactness of 
t h i s  approximation depends upon many f a c t o r s  such as t h e  precise  tem- 
~ m a 3  t r;;ol 
pera ture  and moisture d i s t r i b u t i o n s  i n  t h e  sub-cloud layer .  However, 
-nlm r. 
t h e  height  of the  cloud base from which tornadoes o f t e n  descend, 2,000 
y!zo a 
t o  5,000 f e e t  above ground l e v e l ,  implies a s i g n i f i c a n t  surface  pres- 
yd bwrqr a 9dtu ? r ~ c . ? ~ + k  
sure  reduction. An approximate pressure p r o f i l e  can be  obtained by 
' A ;'..3q 
using measured winds and applying cyclostrophic balance: 
a-IL'OTJ , E ~ ~ T Y V B  101 J P ~ X I  B S , ~ Y , J S I ~ ) :  14vi a ,  , . 1 . I P ; I ~ ;  
0 
vL L a p n =  -
P aR R 
, where ,,,I 5 1  t ; t i l r {  k .P 
. . 
p = densi ty  ,-yj.r2~r.*:; (i:l.:)[', ,-' :I;;: 
p = pressure  
radius I i t&xll,, 3':~.3f i i ,  Z. ' , , ~ . q : '  a,.~$',.,,!.:rj 7,-3 
V = v e l o c i t y  
Hoecker (1961) and other  researchers have used t@#b 
c e n t r a l  pressure  d e f i c i t s  of 60 t o  80 mb. - r i r  I.. . , , > f ~  Aar: :. 
Wind Prof i l e s .  Few wind measurements have been taken very near a 
*ti, ri i tornado funnel. Most "measured" v e l o c i t i e s  a r e  determined by photo- 
b grammetrically t racking debr i s  and cloud fea tu res  i n  tornado photographs 
4riT and movies. Studies of t h i s  type, in p a r t i c u l a r  those of F u j i t a  (1960) 
L+rxlni and Hoecker (1961), have found maximum speeds on t h e  order of 100 meters 
per second. An annemometer near Tecumseh, Michigan, measured a wind gust  
of 151 miles per  hour as a tornado w a s  pa.gs,$g by on Palm Sunday, 1965 
(see F u j i t a ,  e t  a l .  1970). This agrees wel l  with in fe r red  v e l o c i t i e s .  
- u 3 l c r  The veloci ty  p r o f i l e  near  t h e  tornado funnel i s  considered t o  be  s imi la r  
t o  t h a t  of a combined Rankine vortex. The ve loc i ty  increases  exponen- 
-~JU.J t i a l l y  with decreasing radius  u n t i l  a v e l o c i t y  maximum is reached. The 
. XJ b L v ~ k i  GY C ~ ~ ? L , _ ~ ~ S X % G $ ~ & L & @ ~ - ~ ~ Y  ,  S E ~  ,gF, &$8 vg?$!?x *gegtes :. 
Appendix I1 is a discussion of a series of photographs of tornado 
genesis. Many of the important features of the tornado environment, as 
)fir! r- 1 LC: -. 
discussed in this section, are clearly visible and are reviewed. 
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Brief Review of Tornado Theories. Many theor ies  of tornado 
h 
genesis have been advanced. Vonnegut (1960), among o the rs ,  advanced the 
theory t h a t  e l e c t r i c a l  discharge heat ing w a s  an energy source f o r  in- 
i t i a t i n g  tornado c i rcu la t ions .  The e l e c t r i c a l  heat ing would produce 
lowered pressure and increased wind flow. Many tornadoes a r e  associated 
with unusual e l e c t r i c a l  phenomena. However, only about 75 percent of 
tornado producing thunderstorms can be i d e n t i f i e d  as being unusually 
e l e c t r i c a l l y  a c t i v e  (see  Taylor, 1973). Since tornadoes tend t o  develop 
on t h e  r i g h t  f lank of a thunderstorm away from t h e  e l e c t r i c a l l y  a c t i v e  
region, it  is  doubtful t h a t  e l e c t r i c a l  discharges a r e  d i r e c t l y  re la ted  
t o  tornado genesis.  
Fulks (1962) hypothesized t h a t  a middle and lower tropospheric 
vortex could develop and i n t e n s i f y  beneath a region of s t rong upper tro-  
pospheric divergence. The upper divergence f i e l d  would be produced by 
flow around t h e  in tense  thunderstorm and t h e  vor tex  c i r c u l a t i o n  would 
strengthen as i t  b u i l t  downward i n t o  the  warm, moist sub-cloud layer .  
Some of the'  important requirements of h i s  theory are: 
1. A w5nd f i e l d  t h a t  veers  s t rongly  with height .  
2. A s t a b l e  inversion a t  t h e  top of the  tornado associated 
towering cumulus. 
3. A b a s i c a l l y  hydros ta t i c  pressure  drop a t  t h e  vor tex  ten- 
t e r .  
4 .  F r i c t i o n a l l y  induced convergence i n t o  t h e  vortex t o  pro- 
duce a c e n t r a l  core of r ap id ly  r i s i n g  air. 
Bates (1961) f e l t  t h a t  t h e  tornado w a s  produced by t h e  subsidence 
of a ro ta t ing ,  "wet" cloud layer .  The middle l e v e l ,  w e t  cloud l ayer  
was produced by a dying storm c e l l ,  and because of i t s  r e l a t i v e  
coolness should be sinking. I f  i t  in te rac ted  with t h e  cyclonic,  wake 
vor tex  on t h e  r i g h t  s i d e  of an a c t i v e  thunderstorm, r o t a t i o n  would be 
induced. The r o t a t i o n  would produce a cen t r i fuga l  r e d i s t r i b u t i o n  of 
mass toward t h e  outer  regions r e s u l t i n g  i n  a doughnut shaped region of 
s trong subsidence and eventually a converging flow, with conserved an- 
gular  momentum, toward t h e  center  of t h e  doughnut. The eventual  pro- 
duction of a tornado would occur a t  t h e  doughnut center .  
A s  more observational  d a t a  became ava i l ab le  Bates (1970) modified 
h i s  ideas  and advanced a d i f f e r e n t  theory of tornado formation. He 
considered t h a t  a flanking l i n e  of developing cumulus-congestus w a s  a 
necessary prerequis te .  The d i s c r e t e  updraf ts  of these developing cumu- 
li could, under favorable flow condit ions,  be sheared i n t o  t h e  l a rge ,  
r o t a t i n g  updraft  of t h e  parent  thunderstorm. The mass demands of t h e  
large  updraft  upon the  i n t e r a c t i n g  smaller updraf t ,  and conservation of 
angular momentum, could eventually produce a tornado beneath one of t h e  
f lanking cumuli. Bates a l s o  f e l t  t h a t  l a rge ,  long-lived thunderstorm 
updrafts  would inev i t ab ly  r o t a t e  because of t h e  convergence of weak 
angular momentum from the environmental flow i n t o  t h e  updraft  region. 
Gray (1969 and 1971) hypothesized t h a t  t h e  impulsive blocking of 
a s trongly sheared v e r t i c a l  wind f i e l d  by a new updraft  would produce 
a cyclonic, wake vor tex  necessary f o r  c i r c u l a t i o n  i n i t i a t i o n .  Gray, 
l i k e  Fulks, advanced t h e  idea  t h a t  t h e  o v e r a l l  approximate hydros ta t ic  
balance of the  c e n t r a l  pressure drop must be considered when dealing 
with the  energet ics  of the  tornado vortex. This idea  requires  subsi- 
dence of upper tropospheric air down t h e  vor tex  center .  
F u j i t a  (1973) proposes t h a t  the  mechanism of tornado formation is  
t h e  production of a twis t ing  downdraft on the r i g h t  f lank of a l a rge  
- ! -- .  r o t a t i n g  thunderstorm. When t h i s  dowpdraft i n t e r a c t s  with the  meso- 
- l  i - I  cyclone i n  lower levels a region of very s t rong  cyclonic v o r t i c i t y  (on 
-2 
. . t h e  order of 10 /sec  o r  g rea te r )  is  produced. H e  a l s o  points  out 
, r l t  (Fu j i t a ,  e t  al.  1971) t h a t  in tense  tornadoes tend t o  occur i n  the  even- 
. . I F  ing  whenal- more s t a b l e  lapse  rate near  the  surface  forces  s t ronger  in- 
.. flow i n t o  the  vor tex  center  because of less outer  radius  v e r t i c a l  motion. 
Maddox and Gray (1973) have emphasized t h e  development of the  i n i -  
, q t t t i a l  vor tex  on t h e  thunderstorm produced gust  f ron t .  Once the  vortex 
,: is  formed, f r i c t i o n a l  convergence toward the  c i r c u l a t i o n  center  and sup- 
,>,,pressed v e r t i c a l  motion i n  ou te r  por t ions  of t h e  c i r c u l a t i o n  appear t o  
. , play an important r o l e  during i n i t i a l  i n t e n s i f i c a t i o n .  9. .s . 
, 11~11Barnes (1972 and 1973a) made a p rec i se  study of t h e  tornado occur- 
. . l t  Y rences i n  the  NSSL da ta  network on 30 Apri l ,  1970. He found t h a t  the  
tornado c i r c u l a t i o n s  (hook echoes) were on t h e  leading edge of t h e  
thunderstorm gust  f ron t  and t h a t  the  echo configurat ion of two coexist- 
, ~ i - ' ,  7 -  ent  hook echoes along the gust  f ron t  resembled gravi ty  waves. The 
:.-.thunderstorm associa ted  pressure f i e l d  produced a strong w e s t  t o  eas t  
. !v-i*acceleraGion ~f t h e  dawndraftpair. Barnes suggests t h a t  t h e  densi ty  
-I .  ., in te r face  of the  gus t  f ron t  may be unstable and t h a t  components of 
5 -  , L g r a v i t y  and wind shear normal t o  t h e  i n t e r f a c e  may a c t  t o  i n t e n s i f y  vor- 
+ . - t i c a l  per turbat ions  upon it. These v o r t i c e s  could b e  entrained i n t o  
7 ;  + . = & - t h e  main updraft  enhancing its ro ta t ion .  Once updraft  r o t a t i o n  becomes 
or:' ) l a r g e  smaller vor t i ces  moving i n t o  the  updraft  region may i n t e n s i f y  
- I 1, about t h e i r  own axes. 1 '  1 
It is  of i n t e r e s t  t h a t  Golden (1973) has found t h a t  Florida Keys 
-.i ,;,,waterspouts form on a cloud-line produced wind discont inui ty .  In  f a c t  
, he occassionally observed several c i r c u l a t i o n s  ex i s t ing  along such a 
discont inui ty  l i n e ,  one o r  two of which might i n t e n s i f y  i n t o  waterspouts. 
The waterspouts he observed rapidly  d i s s ipa ted  when a flow of much cool- 
e r ,  p r e c i p i t a t i o n  associa ted  air ( t h e  "density surge") entered the  
j ~ : i  38933~nl 1 .:i;-r9!) . - 1 ~ . 1  > :61 T-. j Gelel n
waterspout c i rcu la t ion .  
Laboratory Models. Many inves t iga to r s  have studied t h e  tornado by 
1 
crea t ing  tornado-like v o r t i c e s  i n  t h e  laboratory.  Ryan and Vonnegut 
(1969) crea ted  a vor tex  about a v e r t i c a l  a x i s  by e l e c t r i c a l  discharge 
heating. Many other  researchers,  i n  p a r t i c u l a r  Chang (1969), Wan and 
Chang (1971), Ward (1972), F u j i t a  (1972), Hsu (1973), and Chang and Park 
(1973), have produced labora tory  v o r t i c e s  by imposing both v o r t i c i t y  and 
v e r t i c a l  ve loc i ty  on t h e  air flowing i n t o  t h e i r  models. Since many of 
the  r e s u l t s  obtained studying these  various models a r e  similar, and 
s ince  the  primary di f ference  between the  various models is  t h e i r  ac tua l  
physical  and mechanical f ea tu res  only the  model of Ward w i l l  be consid- 
ered i n  d e t a i l .  
Ward's model consisted of an  exhaust f an  which produced an upward 
flow (considered analogous t o  convection) through a cylinder.  Angular 
momentum w a s  imparted t o  the  inflowing air by a c y l i n d r i c a l  mesh screen 
r o t a t i n g  around the  edge of the  inflow layer .  The depth of t h e  inflow 
layer  and the  diameter of the  updraft  could b e  varied.  Photography was 
used i n  conjunction with smoke t r a c e r s  t o  determine the  flow f i e l d s .  
The inflow angle was determined a t  t h e  outer  edge of the  inflow layer  by 
!3 y , ,'b 
using a s m a l l  d i r ec t ion  vane. Ward defined the  r a t i o  of t h e  width of 
the  updraft  cylinder t o  the  depth of the  inflow layer  as t h e  "configura- 
t i o n  rat io".  The su r face  pressure  p r o f i l e  w a s  measured with a s t a t i c  
pressure por t  connected t o  an e lec t ron ic  manometer. The pressure sen- 
s o r  could be moved i n  an a r c  across  the  bottom surface  of the  model. 
The measured pressure p r o f i l e s  a r e  q u a l i t a t i v e l y  very s imi la r  t o  
a c t u a l  tornado pressure t races .  The magnitude of t h e  measured pressure 
drop was proport ional  t o  t h e  r a t i o  of vor tex  height  divided by vortex 
diameter. O f  considerable i n t e r e s t  i s  t h e  f a c t  t h a t  these  pressure 
reductions a r e  maintained s o l e l y  by t h e  "convective updraft". More 
than one vor tex  can be produced when t h e  "configuration r a t i o "  i s  great-  
er than unity.  The number of v o r t i c i e s  which form depends s t rongly  on 
the  inflow angle and the  "configuration ra t io" .  With a f ixed "con- 
f igura t ion  ra t io"  t h e  g rea te r  t h e  inflow angle the  g rea te r  the  number 
of small,  in tense  v o r t i c e s  which r o t a t e  about a  common center .  
A b r i e f  summary of the  f indings  of t h e  previously mentioned lab- 
ora tory  modelers is presented i n  t h e  following list: 
1. Chang (1969) and Wan and Chang (1971) - boundary l ayer  
e f f e c t s  very important,  vor tex  inflow occurs i n  a very 
shallow surface  layer .  
2. Ward (1972) - f r i c t i o n a l  induced inflow important, tor-  
nado-like pressure  p r o f i l e  duplicated,  pressure reduction 
proport ional  t o  r a t i o  of vor tex  height  t o  vor tex  diameter, 
number and i n t e n s i t y  of v o r t i c e s  produced s t rongly  de- 
pendent upon inflow angle, updraft  diameter and depth of 
inflow layer .  
3. F u j i t a  (1972) - updraft  s t r eng th  and r o t a t i o n  speed 
a f f e c t  i n t e n s i t y  of r e s u l t a n t  vortex,  most in tense  vortex 
produced by a combination of s t rong r o t a t i o n  and a weak 
t o  moderate updraft  . 
4. Chang and Park (1973) - f r i c t i o n a l l y  induced low-level 
convergence and bouyancy d r ive  the  a i r  upward a s  it 
s p i r a l s  inward. 
5 .  Hsu (1973) - f r i c t i o n a l  r e ta rda t ion  of t angen t i a l  motion 
near the  ground r e s u l t s  i n  an excessive r a d i a l  pressure 
gradient  which produces convergence and the  updraft near 
t h e  e a r t h ' s  surface.  
The work of these  modelers has demonstrated t h e  importance of f r i c t ion-  
a l l y  induced r a d i a l  inflow and of boundary l ayer  e f f e c t s .  
3. A QUALITATIVE MODEL OF TORNADO GENESIS 
Vortex I n i t i a t i o n .  The i n i t i a l  formation of a vor tex  c i r c u l a t i o n  
probably occurs on t h e  leading edge of t h e  thunderstorm gust  f ron t .  
This could be the r e s u l t  of per turbat ions  on t h e  gust f ron t  producing 
in tense  shear zones and perhaps even unstable vor tex  shee t s  (Maddox 
and Gray, 1973) o r  i t  could be t h e  r e s u l t  of the  shear across  t h e  gust 
f ron t  densi ty  i n t e r f a c e  becoming so  g rea t  t h a t  the  i n t e r f a c e  becomes 
unstable (Barnes, 1973a). 
Figures 37, 38 and 39 show a hypothet ica l  series of events which 
could produce a vortex c i r c u l a t i o n  1 t o  5 km i n  diameter. I n  f igure  37 
the  gust  f ron t  curves from downwind of t h e  p r e c i p i t a t i o n  core around t h e  
weak echo region (WER), o r  updraft  inflow region (Marwitz, 1971 Par t  I) ,  
and then t r a i l s  of f  t o  t h e  SSW. The occassional presence of a cyclonic 
wave on the  gust  f r o n t ,  i n  t h e  updraf t  region, is  v e r i f i e d  by t h e  case 
s tudies  of Barnes (1972) and Lemon (1970). The por t ion of t h e  gust  
f ron t  extending SSW from the  updraft  region is considered t o  be the  
d iscont inui ty  l i n e  along which v o r t i c e s  are l i k e l y  t o  form. The to r -  
nado storm relative wind p r o f i l e s  examined i n  s e c t i o n  4 af Part I, show 
t h a t ,  typ ica l ly ,  s t rong inflow with a l a r g e  e a s t e r l y  component i s  occur- 
r ing  i n  t h e  region labeled  WER. Strong upper l e v e l  flow is  impinging 
agains t  and around the  rear, o r  southwest f lank of t h e  storm ( r e f e r  t o  
t ab les  3 and 4 i n  sec t ion  4 ) .  It i s  important t h a t  Marwitz (1973) and 
Grandia (1973) have found low l e v e l  winds i n  the  WER inflow t h a t  a r e  
s i g n i f i c a n t l y  s t ronger  than winds measured i n  nearby environmental sound- 
ings. This implies t h a t  the  storm-relative low l e v e l  winds may be con- 
s iderably  s t ronger  than those  derived i n  sec t ion  4 using environmental 
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Figure 37 
Simplified Model of a Single Severe Thunderstorm.With a Flanking Line 
of Cumuli (View is Looking Down From Above). 
soundings. Since the  in tense  echo por t ion of the  storm normally slopes 
toward the  inflow with height ,  o r  out  over the  a rea  labeled WER, the  
s t rong flow around the  upper p o r t i o n  of t h e  storm c rea tes  a convergent 
region, and a dynamic pressure  excess, over the  a rea  immediately south 
of the  p r e c i p i t a t i o n  echo (as depicted i n  f igure  37) and w e s t  of t h e  
gust  f ron t .  Barnes' s t u d i e s  (1972 and 1973a) i n d i c a t e  t h a t  t h e  region 
of lowest surface  pressure (or  meso-low) e x i s t s ,  at  l e a s t  i n  some cases,  
SE of the  cyclonic wave on t h e  gust  f ron t .  This locat ion of the  meso- 
low and higher pressures west of t h e  gus t  f r o n t  combine t o  produce a 
s t rong pressure gradient  ac ross  the  SW por t ion of t h e  gust  f r o n t ,  Sub- 
sidence produced by blocked upper winds, p r e c i p i t a t i o n  and cloud p a r t i -  
c l e s  evaporating i n t o  dry, middle l e v e l  air, and a s t rong w e s t  t o  e a s t  
I 
pressure accelera t ion a l l  a c t  together t o  produce a s t rong westerly flow 
behind the  gust f r o n t ,  e spec ia l ly  j u s t  south of t h e  p r e c i p i t a t i o n  echo 
(note t h a t  t h i s  r e f e r s  t o  t h e  low e leva t ion  angle p r e c i p i t a t i o n  echo). 
Figure 38 shows how loca l i zed  s t rong flow could perturb t h e  gust  
f ron t  configurat ion of f igure  37 and cause an in t rus ion  of westerly 
winds i n t o  t h e  r i g h t  (moving with t h e  storm) s i d e  of t h e  updraft  re- 
gion. I f  t h e  strong,  hor izonta l ,  cyclonic shear zone produced by t h i s  
in t rus ion  i s  unstable,  a  vor tex  could be produced on t h e  r i g h t  f lank of 
the  storm. This i s  depicted i n  f i g u r e  39, 
Charba and Sasaki (1971) d id  a d e t a i l e d  ana lys i s  of a  squal l - l ine  
gust f ron t .  They found t h a t  t h e  wind s h i f t  l i n e  preceded a s t rong den- 
s i t y  surge, and temperature minimum,  by almost 4 km and t h a t  the re  w a s  
a c t u a l l y  a weak temperature maximum between the  wind s h i f t  l i n e  and 
density surge. Through the  lower 500 meters t h e  gust  f ron t  w a s  very 
s teep,  ac tua l ly  exhibi t ing  a s l i g h t  forward tilt. These f indings a r e  
Per 
c i p  
of  
Figure 38 
' t u rba t ion  on the  Gust Front South of t h e  Pre- 
l i t a t i o n  Echo (Features a r e  I d e n t i c a l  t o  Those 
Figure  3 7 ) .  
Figure 39 
Per tu rba t ion  Develops i n t o  Vortex C i rcu la t ion  on 
Right Flank of Storm (Features a r e  I d e n t i c a l  t o  
Those of Figure 3 7 ) .  
i&fGkant because they show t h a t  cold, s t a b l e  a i r  ( a i r  which would 
i t '  probably destroy t h e  vor tex  & f i t  became involved i n  t h e  c i rcu la t ion)  
-2rc can be f a r  t o  t h e  w e s t  of t h e  gust  f ront .  The near ly  v e r t i c a l  slope of 
I--( the gust f ron t  means t h a t  any per turbat ion of i t ,  a s  shown i n  f igure  38, 
could produce a near ly  v e r t i c a l  surface  across  which the re  would be a 
d i rec t iona l  wind shear of approximately 180 degrees. This meets the  
de f in i t ion  of a vor tex  sheet ,  an unstable phenomena which tends t o  wrap 
i t s e l f  i n t o  a vor tex  c i r c u l a t i o n  (Milne-Thomson, 1955). 
I n  sec t ion  2 ,  P a r t  I, it w a s  shawn t h a t  wind f i e l d s  which w e r e  
- characterized by a l a r g e  veering between low and upper levels, o r  by 
-I,': northwesterly flow a t  middle and upper l e v e l s  w e r e  poor tornado pro- 
ducers. 1t was a l s o  shown t h a t  most of the  Severe Thunderstorm Outbreak 
soundingslhad west t o  northwest middle and upper level winds. It i s  
hypo+h-i==d t h a t  in these  type s i t u a t i o n s ,  with s t rong upper flow im- 
:he l e f t  r e a r  of t h e  storm, the  thunderstorm produces a s t rong 
nor thwes~  K O  southeast  pressure gradient .  This pressure  gradient  could 
cause the  1st f ron t  t o  be  accelera ted  southeastward across  t h e  inflow 
region. This would e i t h e r  cu t  of f  the inflow o r ,  more l i k e l y ,  l i f t  the  
inflow a l g f t .  A tornado-storm s c a l e  overrunning s i t u a t i o n  would thus be 
created. As already discussed i n  d e t a i l  t h i s  is  an unfavorable s i t u a t i o n  
f o r  vor tex  c i rcu la t ions  t o  reach the  ground. Crawford and Browns' 
(1972) doppler study of a squal l - l ine  thunderstorm revealed a c i rcula-  
t i o n  a l o f t  over a shallow dome of outflow. The environmental wind f i e l d  
was characterized by middle and upper l e v e l  northwesterly winds. 
Vortex In tens i f i ca t ion .  Once a vor tex  forms it may i n t e n s i f y  ra- 
mi. 
pidly f o r  a b r i e r  period of t i m e  be"cb$d& of strong f r i c t i o n a l  convergence 
toward i t s  center .  The importance of f r i c t i o n a l  drag near t h e  surface  i n  
I 
allowing a s t rong  r a d i a l  inflow has been discussed by (1971), Wan 
and Chang (1971), Ward (1972), Chang and Park (1973), 
This is  considered t o  be  similar t o  the  CISK type of f 4 i c t i o n a l  con- 
vergence associa ted  with t r o p i c a l  storm development as discussed by 
I 
Charney and Eliassen (1964), and Gray (1968). I 
The poss ib le  e f f e c t s  of f r i c t i o n a l l y  induced r a d i a l  inflow were 
J examined by studying individual  pa rce l  accelera t ions  f om a lagrangian 
point  of view. Figure 40 dep ic t s  t h e  b a s i c  symbology used i n  t h i s  
study. Individual  parcel  acce le ra t ions  w e r e  computed and parcels  w e r e  
tracked i n  t i m e  f o r  d i f f e r e n t  sets of conditions. The h o r i z o n t a l  mo- 
mentum equation may be expanded i n t o  t h e  following two equat ions  i n  the  
n a t u r a l  coordinate system: 
I 
. . 
a v  - = A L E  -F 
a t  P as s I 
1 ., :a: . r i  - '; r7 
Parcel  Rate of Pressure Gradient Ac- F r i c t i o n a l  1 
Change of Speed ce le ra t ion  i n  the  D i -  Retardation 
rec t ion  of the  Motion I 
I . . Centrifugal  Pressure  Gradient Ac- Cor io l is  
Acceleration c e l e r a t i o n  Normal t o  Acceleration ~ 
the Direct ion of Mo- 
t i o n  I - 
1, 2- 1" 
V = speed . . . .  . 
t = time 
P = dens i ty  1 rat .. .' ?. 
p = pressure 
Fs = f r i c t i o n a l  accelera t ion $ ; t  r . - A ~ : , ~  
P 
a = Inflow Angle 
V = Velocity 
,"--a 4 Vg = Tangential Velocity 
V, = Radial Velocity (Negative 
when directed toward 
lower pressure 1 
V, = Vsin a 
Vo = Vcos a 
I '  Figure 40 
Vortex ~ & o l o g ~  (P = an Arc of a Circular  Isobar with Center at the  
Vortex Center). 
R = radius  of curvature 
f = c o r i o l i s  parameter 
s denotes along t h e  d i rec t ion  of motion 
n denotes normal t o  t h e  d i r e c t i o n  of motion. 
Terms 2 and 3 can a c t  t o  change the  speed of a parcel  and terms 4 ,  5,  
and 6 can a c t  t o  change the  pa rce l ' s  d i r e c t i o n  of movement. The cor- 
i o l i s  term (fV) is  assumed t o  be neg l ig ib ly  small. I f  an inflaw angle 
p r o f i l e  is  assumed and l e f t  constant then terms 4 and 5 need no t  be con- 
sidered and the  e f f e c t s  of terms 2 and 3 can be studied.  Two sets of 
inflow angles were assumed and l e f t  constant.  These assumed inflow 
angle p r o f i l e s  a r e  shown i n  f igure  41. The d a t a  of F u j i t a  (1960) and 
Hoecker (1960) both ind ica te  t h a t  t h e  inflow angles around a c t u a l  tor-  
0 
nadoes a r e  q u i t e  l a r g e  (65 t o  80') except at very small r a d i i .  
Before t h e  e f f e c t s  of accelera t ions  2 and 3 are s p e c i f i c a l l y  
discussed the  assumptions involved w i l l  be l i s t e d  and considered. 
I 
lnf low Angle Profile a, 
- 
0 0.20 0.40 0.60 0.8 0 1 .OO 1.20 
Radius ( k m )  
Figure 4i 
Assumed Inflow Angle Prof i l e s .  I 
The assumptions which were made i n  ca lcu la t ing  accelera t ions  were: 
1. An i n i t i a l  c i r c u l a t i o n  and ve loc i ty  p r o f i l e  were assumed. 
2. F r i c t i o n a l l y  forced inflow angles were assumed and held 
constant i n  t i m e  but  allowed t o  decrease with radius.  
3. A pressure decrease w a s  assumed t o  be occurring near the  
center  of t h e  c i rcu la t ion .  -1 
4. Two dimensional flow. Any v e r t i c a l  motidns considered 
were those necessary t o  maintain mass cont inui ty  of t h e  
two dimensional flow f i e l d .  
5. A symmetric vor tex  was considered. 
6 .  Density constant.  
7. f  negl ig ib ly  small. 
8. F r i c t i o n a l  accelera t ions  were approximated by 
-CD/Az v2 where 
CD = drag coef f i c ien t  which was assumed t o  be 5 x 
and 
AZ = depth of d i s s i p a t i o n a l  l a y e r  which w a s  assumed t o  be 
250 meters. 
9. A l l  ca lcu la t ions  involved mean values f o r  the  l ayer  sur- 
f ace  t o  250 meters. 
Such a r e s t r i c t i v e  set of assumptions precludes one from drawing 
d i r e c t  o r  p rec i se  analogies  ~ 5 t h  a c t u a l  processes. However, t h e  r e s u l t s  
can be used t o  help specula te  on what might be occurring i n  t h e  atmo- 
- -,.-,-w- - .. - . 
sphere. 
The i n i t i a l  vortex w a s  assumed t o  have a radius  of 1.2 km with a 
weak veloci ty  maximum of 10 m/sec at radius  0.6 km. The flow i n  t h e  un- 
disturbed environment w a s  set a t  7.5 m/sec. Accelerations were computed 
I 
and individual  parcels  w e r e  followed i n  10 second t i m e  i n t e r v a l s  f o r  four 
d i f f e r e n t  cases. L i t t l e  w i l l  occur,, excep - decgy, i f  a drop i n  
2: r 393.0 0 
c e n t r a l  pressure is  not assumed t o  be occurring during the  time s teps .  
The assumed i n i t i a l  condit ions were considered f o r  two f ixed inflow 
angle p r o f i l e s  and f o r  two s e t s  of pressure p r o f i l e s .  
r7 .  t f  T sV Isnk 
The pressure p r o f i l e s  w e r e  determined a s  follows: A t  each 10 sec- 
ond time s t e p  the  pressure gradient  accelera t ion,  along R, was assumed 
2 2 t o  be. e i t h e r  -V8 /2R o r  - 2Vg /R where R = radius.  The assumed 
pressure drop w a s  e i t h e r  ha l f  o r  twice what cyclostrophic balance would 
require.  It should be emphasized t h a t  t h e  i n i t i a l  wind p r o f i l e s ,  inflow 
! .angle p r o f i l e s ,  and rates of pressure  drop were not  meant t o  dupl ica te  
any s p e c i f i c a l l y , ~ b s e ~ ~ e d  f a tu res  of a c t u a l  tornadoes. Fig,ures 42 
_ . I .  
. * -  7 
through 45 show the  i n i t i a l  and f i n a l  ve loc i ty  p r o f i l e s ,  the- inflow pro- 
f i l e ,  and t h e  assumed pressure gradient  f o r  t h e  four cases. I n  a l l  four 
cases the  f i n a l  ve loc i ty  maximum occurred a t  a decreased r a d i i  and was 
more pronounced. Two cases ( I  and 111) i n t e n s i f i e d  only s l i g h t l y  because 
- ..-. 
- ,  of t h e  assumed weak pressure gradient .  Case I1 with t h e  stronger - I - 'Lr V --- .d - .  .- 
' a d  j suiCa!j 
pressure gradient  and smaller  inflow angle p r o f i l e  showed a marked in- 
crease i n  i n t e n s i t y .  I n  t h i s  example the  ve loc i ty  maximum has almost 
doubled i n  in tens i ty .  The most spectacular  i n t e n s i f i c a t i o n  was i n  Case 
- - ............... 
-0 . .  
-0. .  .... 
'* . 
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Figure 42 
Case I I n i t i a l  and F ina l  Veloci ty (V) P r o f i l e s .  
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Case I1 I n i t i a l  and F ina l  Veloci ty (V) P r o f i l e s .  
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Figure 44 
Case I11 I n i t i a l  and F ina l  Velocity (V) P r o f i l e s .  
I V  where t h e  l a r g e  inflow p r o f i l e  (a2) and s t ronger  pressure  gradients  
2 
(- 2Vg /R) were assumed. The broad 10 m/sec maximum rapidly  becomes a 
sharp veloci ty  peak almost t h r e e  t i m e s  more intense.  The ca lcu la t ions  
were not  ca r r i ed  beyond 40 seconds because i n  t h a t  shor t  t i m e  frame t h e  
pressure gradient  and advective terms had acted t o  i n t e n s i f y  t h e  vel- 
oc i ty  maximum t o  i ts  peak and a l s o  t o  decrease the  radius  of t h i s  max- 
imum t o  inner  r a d i i  where t h e  inflow angle is  very small. Beyond about 
40 seconds a l l  t h e  r e s u l t a n t  c i rcu la t ions  considered decay rapidly  a s  
the  advective and f r i c t i o n a l  terms a c t  t o  destroy the  ve loc i ty  peak. 
It is  of i n t e r e s t  t h a t  t h e  c e n t r a l  pressure  drop required i n  case 
I V ,  t h e  case of dramatic i n t e n s i f i c a t i o n ,  i s  only 1.8 mb. This cer- 
t a i n l y  doesn't  seem t o  be an u n r e a l i s t i c a l l y  l a rge  pressure f a l l .  How- 
ever, an important point  i s  t h a t  f o r  t h i s  c i r c u l a t i o n  t o  in tens i fy  
f u r t h e r  a  continued drop of c e n t r a l  pressure must occur. I n  nature i t  
seems l i k e l y  t h a t  t h e  f u r t h e r  i n t e n s i f i c a t i o n  of t h e  vor tex  must be the  
Radius ( km ) 
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Figure 45 
Case I V  I n i t i a l  and F ina l  Velocity (V) P r o f i l e s  
1 
...*- r"nt ST- slserl Pressure Gradient =-2~: / R . 
1 I I I I I 
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- 
t = + 40 sec 
- ........ - 
r e s u l t  of an unspecif ied i n t e r a c t i o n  between t h e  motion f i e l d s  of t h e  
- 
vor tex  and those of t h e  a t tendent  thunderstorm. 
. - 0 0 . .  . . . .. . . . . . . 
Case 19 
.. .. 
The v e r t i c a l  v e l o c i t i e s  required by mass cont inui ty  at the  top 
Inflow Angle Profile = u2 
of t h e  250 meter l ayer  were camputed f o r  t h e  i n i t i a l  c i r c u l a t i o n  and 
J:'. r )  ~ I L ~ w ~ s X ~ J L I  
f o r  case I Y .  These v e r t i c a l  ve loc i ty  p r o f i l e s  a r e  shown i n  f igure  46. 
r !  
The broad a rea  of upward motion i n  c e n t r a l  port ions of t h e  i n i t i a l  c i r -  
3i -5~11 
cu la t ion  rap id ly  shr inks  t o  a small annulus of in tense  v e r t i c a l  motion. 
3 1 i ?  zd I- X ~ ~ X Q - P  1 '1roi583k3 ?0a93tl1 1 5 d 3 t ~ f "  3 d f  :EIJ: mXG 
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Figure 46 
Required Ver t ica l  Velocity (i) Prof i l e s .  
. ,.I -3aqa~ 
The v e r t i c a l  motion is weakly up o r  down i n  outer  port ions of t h e  c i r -  
cula t ion dnd must oe%mg downward a t  l a r g e r  r a d i i  where inflow angles 
-dl!:. 
of  near z t r o  increase  t o  t h e  l a r g e  values  assumed near  t h e  c i rcu la t ion .  
. , r r t . b i i  S F J ~ ~ H  iw-r: , T P I ~  neb 3 ~ r i . b e p  ..,n-t. v 
The c i rcu la t ion  tends t o  i s o l a t e  i t s e l f  a s  a separa te  flow fea tu re  as 
ui iiru< 
i t  begins t o  in tens i fy .  It becomes characterized by subsidence a t  outer  
r a d i i  (a  r e s u l t  of the  divergence of mass produced by increasing r a d i a l  
y~bl ' : .r ;  
v e l o c i t i e s )  and an annulus of in tense  v e r t i c a l  motion near i t s  center .  
I f - t h e  c i t c u l a t i o n  e x i s t s  i n ,  o r  under, t h e  r i g h t  por t ion  of t h e  main 
-vs , , i ~ . i ~ d ~ i ~  I B 
thunderstorm's updraft  it may develop i n  v e r t i c a l  extent  t o  a point 
93 
where it becomes coupled o r  i n t e r a c t s  wi th  t h e  storm updxaft, In the  
most simple case ( t h a t  of a s ing le  in tense  storm) t h e  vortex which 
formed, o r  moved, i n t o  the region near t h e  main storm would be the  one 
most l i k e l y  t o  become coupled t o  the  in tense  storm updyaft. Figure 47 
depic ts  how the in tens i fy ing  c i r c u l a t i o n  could i n t e r a c i  with the  primary 
updraft.  This idea  i s  similar t o  those of Bates (1970j except t h a t  the  
e n t i r e  r i g h t  s i d e  of t h e  storm and a l s o  t h e  a rea  along and ahead of the  
f lanking cumulus l i n e  i s  considered t o  be an updraft  region. The im-  
portant  i n t e r a c t i o n  i s  not  then betw,een.updrafts of separa te  clouds but 
.. I' 
i s  between t h e  in tens i fy ing vortex and a s t rong updraf 
Figure 48 i s  a r e f l e c t i v i t y  cross-section through a l a r g e ,  tornado 
producing thunderstorm and is from Burgess and Brown (1973). The weak 
echo, o r  updraft ,  regions a r e  shaded. A t  t h e  t i m e  of +he cross-section 
I a tornado was on th,e ground a t  t h e  approximate p o s i t i o  marked by the 
W<i ...,.* UdO 9.4 7 
"TI'. - The separa te  weak echo regions associa ted  with t h e  tornado and 
t h e  thunderstorm could be  i n t e r p r e t t e d  a s  indica t ing t4at the  vortex 
c i r c u l a t i o n  is  indeed i s o l a t e d  from t h e  thunderstorm updraft  a t  low 
leve l s .  The f requent ly  observed f a c t  t h a t  tornadoes tend t o  form be- 
neath t h e  f i r s t  cumulus of the  f lanking l i n e  seems t o  v e r i f y  t h e  impor- 
. 3 f !: >D..? &U a m  -
tance of an i n t e r a c t i o n  occurring between t h e  thundersQorm and the  
-fSJ.13. 
I 
in tens i fy ing updraft  . The importance of t h i s  i n t e r a c t f  on i s  a l s o  sub- .: 31  3 : 
Y i  'J 
s t a n t i a t e d  by the  s t u d i e s  of Golden (1973) and Henz ( 1  73). Golden 
found t h a t  c i r c u l a t i o n s  which i n t e n s i f i e d  i n t o  waterspouts were usually 
associa ted  with a rapidly  growing.cumulus. Henz found t h a t  tornado 
occurrences on Colorado's p l a i n s  were usual ly  associa tad  with rapidly 
in tens i fy ing thunderstorms. I 
The vortex considered i n  cases I through I V  w a s  a symmetric cy- 
l i n d e r  by assumption. F r i c t i o n a l  convergence i s  s t rongest  nearer  the 
-3 '? 
Strong Updraft Flow 




Annulus of Upward Motion 
Near Center of Circulation 
Figure 47 
Hypothesized Interaction Between the Intensifying Vortex Circulation 
and the Strong Thunderstorm Updraft. 
Figure 48 
Ver t i ca l  Cross-Section of Doppler Ref lec t iv i ty  Through a Severe 
Thunderstorm. The Approximate Posi t ion  of a Tornado is Indicated With 
a "T". (From Burgess and Brown (1973), used Courtesy NOAA, Environ- 
mental Research Laboratories,  National Severe Storms Laboratory). 
~ surface  so t h a t  an i n i t i a l  c y l i n d r i c a l  vor tex  must asgume a conical  
shape during t h e  i n t e n s i f i c a t i o n  process. Thus, the  qean values ob- 
I 
tained would be most l i k e l y  t o  apply a t  t h e  mid-point of the  vortex. 
b4301 
The c i r c u l a t i o n  fea tu res  would be s t ronger  near t h e  sdrface  and weaker 
"oiE a t  the  250 meter 
Naturally b e t k e n  tornado and 
tornado-storm s c a l e  motion f i e l d s ,  and the  manner i n  tthich these  in- 
t e rac t ions  i n t e n s i f y  a vor tex  u n t i l  a tornado is  produced, can not be 
understood u n t i l  more observational  da ta  i s  obtained on these sca les .  
The f a c t  t h a t  most tornadoes form, i n t e n s i f y ,  and d i sd ipa te  i n  a very 
I 
shor t  period ind ica tes  t h a t  t h e r e  may be s u b s t a n t i a l  d i f ferences ,  a t  
I 
l eas t  quantitatively, between the processes and interactions which 
produce the short l ived  "average" tornado and those which produce the 
occassional intense long-lived tornado. 
~ r l ;  33(dh ' ~ s s ~ v s ' !  hsvil, f?ctia& : S :  4 :..>ulm.r~1 ; f 
The important f e a t u r e s  of t h e  tornado and tornado-storm s c a l e  
environments have been considered. Tornado theor ies  and laboratory 
models have been reviewed and considered. The modeling work of Ward 
was discussed i n  d e t a i l  because t h e  vor tex  fea tu res  observed i n  h i s  ex- 
periments dupl ica te  many fea tu res  a c t u a l l y  observed, i n  and near torna- 
does. One of t h e  very b a s i c  fea tures  of any tornado theory must be i ts  
compatibi l i ty with observationally documented tornado charac te r i s t i c s .  
A q u a l i t a t i v e  model of tornado genesis on t h e  r i g h t  f lank of a 
s ing le ,  in tense  thunderstorm has been developed. The important f ea- 
t u r e s  of t h i s  model are: 
1. The i n i t i a l  vortex develops on an unstable perturbation 
of the  thunderstorm gust  f ron t .  
2. F r i c t i o n a l  convergence i n  lower l ayers  allows t h e  i n i t i a l  
vor tex  t o  i n t e n s i f y  rap id ly  f o r  some d i s c r e t e  time per- 
iod. 
3. The v e r t i c a l  motion f i e l d  es tabl ished by t h e  in tens i fy ing 
c i r c u l a t i o n  e s t a b l i s h e s  t h e  vor tex  as a d i s t i n c t  flow 
feature .  It is characterized by a l a r g e  outer  region of 
subsidence, o r  weak v e r t i c a l  motion, and a small inner  
annulus of in tense  upward motion. I 
4. The i n t e r a c t i o n  of t h e  vor tex  and thundeistorm motion 
f i e l d s  provides t h e  unspecif ied mechanism f o r  increas ing 
the  pressure drop at t h e  vor tex  center  which is  needed 
f o r  continued i n t e n s i f i c a t i o n .  
The hypo t h e t i c a l  examples of f r i c t i o n a l  induced i d t e n s i f  i c a t i o n  
were very s impl i f ied  and were done t o  achieve an insigdt into processes 
which might occur i n  the  atmosphere. Actual measurements of wind, tem- 
perature,  and moisture f i e l d s  around tornadoes are needed so  t h a t  the  
manner i n  which the  thunderstorm updraft  and a boundary l ayer  c i rcula-  
t i o n  i n t e r a c t  t o  produce an  in tense  vor tex  can b e  undeistood. 
89 
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DATA RELIABILITY AND ACCURACY . S  
Severe Storm Reports. There are many inherent problems in studying 
?2..! ?!.[I 
severe stormltornado proximity soundings. A general summary and dis- 
aei.2 . A  
cussion of these problems is made here. 
The SELS Log, while it is certainly the most comprehensive and ac- 
r ~ s a r ~ ~ &  s r m 4  3uff bssf lran a2 3 I 
curate listing of severe storm occurrences, undoubtably contains dis- 
crepancies and inaccuracies. This is immediately obvious if one compares 
storm reports in the SELS Log and in Storm Data. Unfortunately, many --
of the discrepancies could be resolved only by detailed post-storm dam- 
age and radar analysis; this is done only after very significant severe 
stormltornado outbreaks. Although the SELS Log was accepted as the 
definitive listing of severe storm/tornado occurrences it must be re- 
membered that : 
. Salbnuoa y3 tmrOlfxoltq liiwhlw&nk &dm 3 ~ 3  EIBLLSoe q03111 msm i4ldsdorq 
-y3kLntxoai y 1. Many severe storms and tornadoes which occur in remote 
areas are never reported. 
-&US L. J bu:- .: t 
2. A long-track tornado may be reported as several different 
- &  . , tornadoes, or several tornadoes occurring in rapid se- 
quence may be assumed to be one single tomadg. 
bs j ~ k  l a& bs"j!&ms eidf n.I eank 
3. Some damaging windstorms may be reported and recorded 
-nt aro-ira m l  By as tornadoes, or vice versa. #*a ,I(LPJ ZfXiJg 4rd3 a1 
. bevl ov 
These inaccuracies have been partially resolved by the cross-check 
- houoa 
process of determining proximity soundings described in section I, Part I. 
37 -, " 4=, 
Data Positioning. Once a sample of proximity soundings has been 
O ~ ~ W - I G ~  La3 pel:, .&,a *&wnnu 
gathered the problem of positioning the tornado-storm relative to the 
('I A 
data must be solved. Facts which must be considered in positioning the 
r r s ,  aoY 
data are: 
1. The tornado-storm is general ly moving rapidly  from west 
t o  east. 
2. Discrepancies of 5 ' t o  1 5  minutes i n  t h e  reported t i m e  
of tornado occurrence a r e  probably common, espec ia l ly  
f o r  r u r a l  storms. 
3. Radiosonde r e l e a s e  may not  occur at precise ly  1715 CST. 
4. Once the  radiosonde is released t h e  da ta  sampled va r ies  
i n  both t i m e  and space. 
It is  rea l i zed  t h a t  severe thunderstorms r a r e l y  t r a v e l  i n  pe r fec t ly  
s t r a i g h t  l i n e s .  The path followed is  of ten  similar t o  a backward, f l a t -  
tened S, i.e. / . The storm moves with t h e  mean flow, veers  t o  t h e  
r i g h t  during its most severe  period,  and then again follows t h e  mean 
flow. The reader should r e f e r  t o  Marwitz (1972), Fankhauser (1971), 
and Haglund (1967) f o r  examples of severe storm devia te  motion. A fur-  
t h e r  complication is  t h a t  t h e  storm's speed is l i k e l y  varying during 
i t s  l i f e t ime .  These problems w e r e  p a r t i a l l y  resolved by assuming a 
probable mean storm motion f o r  each individual  proximity sounding. 
Problem number 2 above can be avoided by using only proximity 
soundings near l a rge ,  very w e l l  documented and t i m e  posi t ioned torna- 
does. However, t h i s  would reduce t h e  da ta  sample t o  only a few sound- 
ings. I n  t h i s  study the  t i m e  of occurrence has been accepted a s  l i s t e d  
i n  t h e  SELS Log, even though it is rea l i zed  t h a t  t h e r e  a r e  e r r o r s  in- 
vo lved . 
Problems 3 and 4 can be solved by p rec i se  pos i t ioning of the  sound- 
ing instrument i n  time and space, as is done a t  the  National Severe 
Storms Laboratory, see Barnes, et al. (1971). During a t y p i c a l  tornado 
proximity sounding the  instrument i s  l i k e l y  t o  be displaced 30 t o  40 
n.mi. from the  r e l e a s e  s i te  by t h e  time t h a t  200 mb is reached. For an 
example of bal loon posi t ions  r e l a t i v e  t o  t h e  r e l e a s e  site see  Henderson 
(1972). However, s ince  the  storm and the  balloon a r e  both moving, i n  
t h e  mean, a t  roughly s i m i l a r  v e l o c i t i e s ,  t h e  e r r o r s  introduced by not 
considering balloon movement are r e l a t i v e l y  small. 
Figure 49 i s  an example of the  complexities of placing d a t a  re la -  
t i v e  t o  t h e  storm. A set of upper air  da ta  from Barnes, et a l .  (1971) 
has  been used t o  depic t  an a c t u a l  x,y balloon t r a j e c t o r y .  The t r a jec -  
tory  i s  shown from re lease ,  assumed t o  be 1715 CST, t o  1742 CST (300 
mb). I f  it is  postulated t h a t  a tornado occurs a t  1815 CST 30 km w e s t  
of the  re lease  point  i t  is  poss ib le  t o  estimate t h e  e r r o r s  involved in :  
1. Posi t ioning t h e  da ta  30 km e a s t  of the  1830 CST tornado- 
storm ( t h e  method of previous proximity s tud ies ) .  
2. Posi t ioning t h e  da ta  at  068/100 km from t h e  tornado-storm 
( t h i s  pos i t ion  is determined by taking t h e  mean wind of 
the  a c t u a l  sounding and assuming an average tornado-storm 
motion of 30° t o  the  r i g h t  at  75% of t h e  mean wind and 
a l s o  by assuming t h a t  t h e  tornado storm ex i s ted  a t  1715 
CST) . 
I f  t h e  balloon is  p rec i se ly  located r e l a t i v e  t o  t h e  tornado-storm i t  is  
found t h a t  a t  1715 CST t h e  storm is 248/100 km from the  da ta  point  and 
t h a t  at  1742 CST (300 mb) the  storm is located  a t  246198 km, a horizon- 
t a l  discrepancy of only 4 km. A 15 minute e r r o r  i n  e i t h e r  r e l e a s e  time 
o r  time of tornado occurrence amounts t o  a hor izonta l  discrepancy of 18  
km i n  the estimated tornado storms pos i t ion  ( t h i s  poss ib le  e r r o r  is 
depicted by an 18 km c i r c l e  around t h e  assumed 1815 CST storm posi t ion) .  
The e r r o r  introduced by not  keeping p rec i se  t r ack  of t h e  balloon (data 
point)  pos i t ion  is  i n s i g n i f i c a n t  when compared t o  the  unresolvable 
e r r o r s  of not knowing t h e  exact t i m e  of tornado occurrence o r  balloon 






Data Posi t ioning Relat ive t o  Tornado Storm. 
locat ion and the  exact storm path may introduce a posi t ioning e r r o r  on 
t h e  order of 10 km. The timing inaccuracies could e a s i l y  cause a po- 
s i t i o n i n g  e r r o r  of 50 km. 
It is  i n t e r e s t i n g  t o  note  t h a t  the  method of placing the  d a t a  rel- 
a t i v e  t o  t h e  reported tornado, r a t h e r  than r e l a t i v e  t o  a moving storm, 
r e s u l t s  i n  a pos i t ioning di f ference  of 72 km i n  t h i s  example. Both 
methods a r e  subject  t o  t h e  same timing uncer ta in t i e s .  It seems reason- 
able  t o  assume t h a t  t h e  da ta  pos i t ioning methods of t h i s  study, even 
though s t i l l  subject  t o  considerable e r r o r ,  give an improved locat ion 
of da ta  r e l a t i v e  t o  t h e  tornado-storm, 
Most significant is the fact that past studies may have been well -
over 100 km off in data positioning, and that this study may be as much -
as 50 km in error. The size scale of the phenomena being studied, the 
, lo i l . ! , .  ,tornado thunderstorm, is only 5 to 40 km, while that of the actual tor- 
,,,nado circulation is less than 5 km. The scale of the phenomena is less - .  -
. d  , , h- than the resolution of data positioning. Any study attempting to use 
ucttB~~ro,~@$,,f y s,uqgings to define tornado-storm scale features or storm/ 
r?, 
tr: environment interactions must consider only precisely documented torna- 
,,<do-storms. A study of a large number of proximity soundings can examine 
! o  fl,,l,:the sub-synoptic scale environment associated with tornadoes but only 
$&<).A j ,,,p,implications can be drawn concerning the actual tornado-storm scale 
APPENDIX I1 
PHOTOGRAPHS O F  TORNADO GENESIS 
Figure 50 is a s e r i e s  of photographs taken by Alc Cecil  W. Nichols, 
3 Apri l  1964, a t  Sheppard AFB, Texas. The s e r i e s  runs from upper l e f t  
t o  r i g h t  and from lower l e f t  t o  r i g h t .  I n  the  f i r s t  photograph the  low- 
er based c o l l a r  cloud is  apparent i n  the  center .  To t h e  l e f t  (moving 
with the  storm) of the c o l l a r  cloud i s  a heavy shower. A l i n e  of 
f lanking clouds t r a i l s  o f f  t o  t h e  r i g h t  of the  c o l l a t  cloud. The 
smooth-based, very dark cloud across  a l l  of t h e  upper r i g h t  port ion of 
the  photograph ind ica tes  t h e  presence of an updraft  i n  t h i s  region (see 
Marwitz, e t  a l .  1972). A t  t h i s  s t a g e  an  in tens i fy ing vor tex  probably 
e x i s t s  from cloud base t o  the  su r face  beneath t h e  c o l l a r  cloud. I n  
photograph two t h e  vor tex  is  becoming in tense  and the  downward bulging 
cloud base ind ica tes  lowering pressures. Condensate, o r  dus t ,  i s  
appearing i n  t h e  lower por t ion  of the  c i rcu la t ion .  By photograph th ree  
the  heavy shower has moved out  of view t o  t h e  r i g h t ,  A n  in tense  sub- 
cloud c i r c u l a t i o n  i s  present  and t h e  condensation funnel extends hal f  
way t o  t h e  ground. By t h e  las t  photograph an in tense  tornado has de- 
veloped. The sky is  l i g h t e r  t o  t h e  west of the  f lanking l i n e .  The 
tornado developed a t  t h e  r i g h t  rear of a s t rong updraft  associated with 
t h e  heavy shower which moved across the  r i g h t  edge of the  photographs. 
The t o t a l  time period covered i n  the  photographs is approximately ten  
minutes . 
Figure 50 
Photograph Series Showing the Development of the Witchita Falls, Texas, Tornado of 3 April, 1964. (USAF 
Photographs Taken by Alc Cecil W. Nichols and Used With Permission of Air Weather Service.) 
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